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ABSTRACT

This study program was undertaken by the Goodyear Aerospace Corporation (GAC) for
the National Aeronautics and Space Administration (NASA) to advance the current
state of the art in the field of wide-angle optical systems used to generate vis-
ual displays for manned space flight simulation, Specific goals of the program
were to survey the present state of the art and to provide specifications and de-
sign eriteria for an optical system which will: (1) maximize depth of field
viewed by the system; (2) maxi.pize angular field of the system and hold it con-
stant under all operating canditions; (3) min:’ufzize the working distance of the
optical system entrance pupil from the viewed surface (model); and (4) be movable
under canputer control relative to a viewed surface in such a manner as to provide
a continuous view which will be analogous to that seen from a vehicle undergoing

six-degree-of-freedom maneuvers.

The information herein documented constitutes the final technical report provided
for in the contract, covering the entire contract period 29 December 196l to 29
June 1965, Previous to this a series of five monthly progress reports was sub-

mitted covering activity through the month of May 1965,
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GLOSSARY '

The following terms and symbols, many of which are commonly used in various other

areas of the aerospace industry, are specifically defined here for the sake of

minimizing possible ambiguity and to introduce the reader to current visual simula~-

tion terminology as used herein.

nadir -

look point -

center of -
perspective

entrance -
pupil plane

field angle (©¢)-

A point on the ground directly below (or coincident with)
the inst_a.ntaneous look point be:lng aimulates}.

The point of vantage of an observer located in three~-dimen-
sional space whose visual field of view is to be simulated.
Equivalent to the entrance pupil point, front nodal point
or exterior center of perspective of an optical sysm.__‘.
The point through which a perspective (sometimes called
geometric) projection is taken.

The plane of the look point of an optical system, generally
normal to the optical axis, Entrance pupil size determines
the amount of incident light which the optic.al system will
accept from aiv object poiﬁt.‘ The intersection of the
optical system axis and the entrance pupil plane is the
entrance pupil point.

The angular field of view (or emergy acceptance) of an
optical system, subtended at the entrancg pupil point and
determined by the relative sizes. éhd locations of other

elements of the optical system,.

viii
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exit pupil - Corresponds to the entrance pupil plane except that it

plane determines the amount and angular field of energy delivered
by the optical system (to the image). The exit pupil point
is at the intersection of the exit pupil plane and the
optical axis, |

optical system - An arrangement of transmissive and/or reflective elements
used to transform, via electromg.gnotic energy, & two or
three-dimensional array of Mfofmtion into image of that
information. The resulting 1magg may constitute either
a lpla.nar or non-planar surface, depending on the optical
sjstem. The erergy spectrum involwed is generally thought
of as being the visible spectrum, although this is not a
firm criterion.

aperture (d) - The entrance pupil of an optical system. Its size (gen-
erally a diameter) determines the magnitude of the solid
cone subtended at an object (information) point within
which energy emanating from that point will be accepted
by the optical system.

f/no. - The relative aperture of an optical system. Equal to the
ratio of the system effective focal length to its entrance
pupil diameter, |

T/no. - The ratio of an optical system f£/no. to the square roct of
its transnﬁ.ttan;:e (t), the latter being a number equal to

or less than unity.

ix
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vertical datum -

course -

track =

heading () -

pitch (@) -

optical axis -

L]

An i{na.ginary plane used as a reference in measuring the
vertical locations of points on a t.hree—dimgnsional terrain
n}zode}. In practice the term may denote a surface (i.e.,
sphe:'rical) where relatively small scales are used.

?he ?rﬂlographic vertical or planj.rnﬁtric projection of the-
:]}.ntex;'xded path of a vehicle within a three-dimensional s;ystem
éf cbordinat-ea. A

The planimetric projection of the actual wehicle p#th.

The direction of the planimetric projection of the longl-
tudinal vehicle axis with respect to an angular reference
in the vertical datum or a plane parallel to it.

é.nguhr motion of a vehicle about 1‘3 center of gravity
measured in a plane normal to its l?teral axis,

jAngular motion about a vehicle cente}r of gravity measured
:Ln a plane which is normal to its longitudinal axis,
Angular motion sbout a vehicle center of gravity measured
in a plane which is parallel to the lateral and longitudinal
axes,

Generally an imaginary straight line passing through the
centers of curvature of all elsments of an optical system,
A practical system may have its optical axis folded (bent)

at discrete points within the systeiﬁ.
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translation -

culture -

contour -

contour level -

elevation -

altitude (h) -

model -

topographic map -

planimetric -

relief -

Linear motlon of a vehicle center of gravity along one or
more of the three axes of a spatial coordinate system, One
such axis is generally considered altitude while the other
two ‘define motion in a plane parallel to the datum plane.
Man-made structures or their depiction on a map, chart or
three~dimensional terrain model.

A line Joining points of equal elevation of terrain features,
Usually presented as a planimetric projection of such lines,

~

The distamce above vert.ical datum of a contour. -
The distance above vertical datum to a given terrain point |
or point on a cultural feature.

The distance above some verticgl datum to an airborne ve-
hicle, Datum may be mean sea level or a single or average
tefrain elevation level,

Replica at some scale of a physical entity. For visual
simulation this entity is generally some type of terrain
surface or a separate object or objects such as other
vehicles,

A xi;ap which depicts, in two-dimensions, both planimetric,
and relief information.

’I'hé vertical projection of terrain and cultural informa-
tion,p.s SR & map or chart.

Terrain information describable in three dimensions,
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distortion - Any variation from the classic definition of a distortion-
less image as one which is generated by a perspective 1\31'0-
Jection, in which straight lines from object points are
extended through the center of perspective to intersect an
image plane which is normal to a central line of the angu-
lar projection field. Distortion is defined as a per-
centage of radial distance error in the image plane measured
from its intersection with the central line, A key connota=-
tion of this definition, from the point of view of visual
simulation, implies that imagery thus generated is (ulti-
mately) viewed along an axis which is normal to the image
plane at the central line intersection.

aberrations - Variations in the performance of an optical system as com-
pared to the ideal or reference (perspective projection)
performance implicit in a system of infinitesimal aperture.

look angle (4§ )- Ve:rtical angle at the look point between an obJect point
an(|1 the local horizontal,

depression - Vertical angle subtended at the look point between the

angle (77) :

optical axis and the local horizontal., Equivalent to

optical-pickup pitch angle,

optical pickup - Any of a group of devices utilizing an optical system to

| transform information contained on three-dimensional terrain

(or other) models into one or more images which may be there-
after transferred to a ‘di:siplay system providing a full scale

(angular) reconstruction of the system field of view,

xii
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unprogrammed system - A visual simulation system vwhich can simulate look

clircle of con-
fusion (¢)

depth of field -

effective foecal
length (F) -

slant range (R;)-

ground range (Rg)-

points anywhere within the spatial volume from which the
actual vehicle could be expected to view the particular

set ‘of object information stored by the simulator.

Sizq’; of the smallest image detail which the opticé.l pickup
is fequired to provide,

That partion of object space within which an optical pickup
will provide image information at no smaller a scale than
that specified by the circle of confusion size. Near depth
of field (DN) is the loci of the nearest limits of this
object space. Far depth of field (Dp) is the loci of the
furthest limits of this space. Both near and far limits
may be considered as measured from the entrance pupil

point radially outward. |

The focal length of an optical pickup considered as a
whole. It results fram the locations and focal lengths

of individual optical elements of the system.

Distance from the entrance pupil poipt directly to an
object point,. |

Planimetric projection of the distance from the nadir

point to an object point.
il
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magnification (m) -A measure of the ratio of image size to object size of an

objeqt dis-
tance (S)

optical system,

Distance along the optical axis from the entrance pupil
point to a selected point in the object space for which the
system is focussed. If the object is a plane, its inter-
section with the optical axis is generally used., When the
objéct is three-dimensional the selected point must re-
flect the desired depth of field,

image distance(s')-Distance alang the optical axis from the exit pupil point

hyperfocal
distance (H) -

illumination (E)=-

brightness (B)-

to the intersection of the optical axis and image surface.
A c;lculated object distance governing the depth of field
of an optical system. Depth of field is generally con=
sidgred to extend from one half of the hyperfocal distance
out to infinity. In viswal simulation, where object dis-
tanch can become very small, this relation no longer holds—
ihe near depth of field can never be less than half the ob-
Sect distanc; for which the system is focussed, if the far
&epth of field is to remain infinite,

The amount of light energy incident on a surface or point.
The amount of light energy emanating from a surface or

pOint.
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working d‘ist.a.nce ‘- The minimum distance (a slant range) between the system
entr‘ancé pupil point and a point of object information,
The latter foint need nq;; be within the optical pickup
field of viéﬁ. The dimension therefore has both optical

and mechanicﬁafl significance,
: -
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1.

SECTION I - INTRODUCTION
GENERAL
In the last decade unprogr#méd real time visual simulation has received in-
creasing attention from all areas of the aerospace industiry including govem—
ment agencies, airframe and systems manufacturers and the airlines., This has
come about by virtue of two primary factors: (1) the need for complstely
realistic, safe and relatively inexpensive crew training in complex vehicle
systems; and (2) a burgeoning requirement for dynamic systems research simu-
lators which are capable of completely closing the man-machine loop. This
interest in turn has led to visual devices of varying sophistication to
satisfy specific system requirements. A significant general advance was
made recently with the introduction of reflective virtual image display sys-
tems which are inherently capable of providing wide angle scenes having high

contrast and detail,

Unfortunately, image generation systems and data links used to provide inputs
to such displays have heretofore been hampered by one or more limiting char-
acteristics such as resolution, field of view, depth of field and the like,
Certain techniques, while strong in one or two of these characteristics have
been quite inadequate as regards the’ remainder., Experience has shown that
certain of these characteristics must be optimized in a visual display if

adequate overall simulation effectiveness is to be attained,

-l-
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VISUAL SIMUIATION IMAGE GENERATION METHODS
Truly rea lia}tic unprogrammed sygiems in general use . may be categorized with
respect to ?heir basic infozirnati,on-extracti:on technique, yhich may fall into
one of threg categorieqz | |

(1) optical pickups used w%.th terrain (or other) model data storage

(2) Flying spot scamers uged with planimetric data storage

(3) Point Sourg;:e devices used with planimetric data storage

' !

Of the three the first offerg the greatest amount of optimization at the
present time, The storage m?dium describes in great detail all three di-
mensions of object space; ‘high quality displays may be realized through
employment of high %‘eso;l.ution television links; and the pickup can generally
de made to simﬂ,.ate: the angular and linear degrees of vehicle freedom re-
quired. Flying spo}: scanners are basically limited to t.wb-dimensions of
object space - objef:t height information, if any, is separately generated.
Resolut ion and simulation dynamic range are restricted. The point source
technique has the same disadvantages in varying degree except that height

information is simulable to a limited extent.

Recent examples of optical pickups used in landing simulators are highly
sophisticated in that they are capable of gccurately performing down to a few
feet of real world object distance while pzioviding fairly large fields of view
and imagery of usable quality.‘ However, terrain model scales employed are
large in order to Hemit the re}atively great working distances necessary to
attain reasonable optical depths of field while still maintaining practicable

1llumination requirements. This model scale requirement has in turn greatly
-2-
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restricted the vehicle pperating space available within any one model and

also the maximum ground range visible from any simulated altitude.

Because of the many inherent virtues of optical-pickup visual systems this
study program was sponsored byd the NASA to investigate and improve perfor-

mance in the above critical areas,

PROGRAM IESCRIPTION

A NASA-GAC ?roject QOrientation Meeting was held at Marshall Space Flight Center,
Huntsville,‘ Alabama on 29 December l9éh. This meeting, a prer?quiaite to the
initiation of contractor effort, was held for the purpose of discussing the
technical problems and further defining the aims and objects of the program.
NASA personnel emphasi;ed that effort was to concentrate on optical pickups

per se,as defined elsewhere in this report. They explained that the subject
study is a part of the program of the NASA Working Panel on Visual Simulation
Technology and that its results will be of interest to personnel in all NASA

Centers represented on the panel.

The study program was performed over a six-month period. Potential sources
of information in government and industry were queried by form letter. A
literature search for infomation relating to wide ahgle opticgl systems and
pertinent subsidiary components and subsystems was performed. Basic types

of optical systems design were studied to determine their advantages and dis-

advantages in regard to the intended application.
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L.

The major result of the program is the report herein documented, which cites
results of thg survey and presents detailed specifications for advanced
optical pickup syt_}ems together with design information pertaining to recom=-
mended techniqal a:pproa_ches.

CONCLUSIONS AND RECOMMENDA TIONS

The most highly developed optical pickup devices are those with an approximate
field of vigw of 60 degrees. This evaluation is offered on the basis of best
overall system performance characteristice, Wider angle systems have been
manufactured and are being used but the value of these systems is not con-

sidered as good in terms of overall systems perfommance,

The single—-cbjective oblique optics systeﬁ described herein is considered the

\.\ best practical approach for immediately improving the performance of optical

pickup systems tlit.h regard to angular field,depth of field and minimum working
distance. These impro*lvemsnts will have negligible effect on the ability of

the pickup to simulate the desired six degrees of maneuvering freedom (in
terms of typical system motion requirements) for angular fields up to very near
the limit of the wide angle field range (120 degrees).*t This system can be
used with any standard television system link and thereafter displayed: either
on a television monitor or, by projection, in a more sophisticated fashion

such as the previouslyementioned wide angle virtual imag; system. It would
have almost universal application to existing optical pickup-type simulators,
thereby vastly improving their overall capabilities while in some cases re-

ducing present complexity and cost of operation.

ks
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It is recommended that the present program be continued with emphasis in the

following areas:

- 99

b.

d.

A firm design will be generated for a fully-articulated single-cbjective
system having the characteristics described in this report (110-degree
field, infinite depth of field and 50-60 mil minimum working distance),
Empirical investigations will be conducted using a functional breadboard
model of a system having a scals-down optical performance and manual
control of the mechanical servo modes, A moderately-high resolution
television sjstem will be employed for a preliminary subjective evaluation
of system performance quality. Incorporation of a color television gys-
tem capability will be studied, |
Fabrication and comprehensive evaluation of one or more prototype units

to the above design will be done using existing visual simulation equip~
ment having appropriately-scaled models (i.e.,‘ on the order of 1:10,000
or smaller) and a high resolution (1200 lines) television sy stem,

Perform an analysis and firm design of a multiple-objective oblique optics
system embodying a 150-degree or greater field of view, infinite depth |

of field, minimum working distance and a high resolution color television
system,

Investigate ultra-wide angle single-objective type pickup devices employing
both refractive and catadioptric systems, The major areas to be invesﬁi-
gated are: motion simulation systems, and means of raploying multiple :
pickup tubes for high system resolution, The highly-distorted images pro=-
duced by these ultra-wide angle single-objective type pickups will also
require study of display means. More particularly, it is recommended that

these display means should reflect the use of virtual image display detices,

g
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1.

2.

SECTION II - STATE QF THE ART SURVEY

GENERAL

The state of the art survey was started immediately after the initial coordi-
nation meeting at MSFC. Readily available in-house literature was reviewed,
as was general knowledge of GAC visual simulation personnel. The program
scope was outlined by defining specific areas of primary investigation
(Appendix A) dealing with optical systems, closed circuit television and
servo-mechanisms. Subsequent computer, in-house and patent search activity

was concentrated in these areas.

The overall survey was quite successful in terms of volume. However the amount
of truly new infofmation obtained was insignificant. For this reason the number‘
of individual literature items referenced in the appendices has been kept t6 a
minimum to avoid redundancy.. It is believed that the data herein documented is
an accurate reflection of the current state of the art as regards wide angle
optical pickups and associated television equipment for non-programmed visual
simulation. Appendix D lists computer and in-house search references.

Appendix E lists related patents.

SURVEY LETTER

A list was prepared of various organizations known to have developed, or be

- developing, wide angle optical systems for visual simulation. To this listing

were added sources known to have experience and/or interest in real time visual
simulation system in general plus sources which might be expected to have
developments which could be used even though not\expressly intended for such

application. The last category covers manufacturers of electronic image

b
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conversion, amplification and display devices or components. A form letter
(Appendix B) was prepared and copies mailed to those on the above list.

A total of sixty-six orgénizations received copies of the survey letter.
Responses to date amount to 22, or 33%. These responses inclu&e one in

January, twelve in February, eight in March, and one in June.

The rate of responses was generally very low, so that some questions arose as to
whether or not a total return could be expected within the period of the
contract. Unfortunately, some of the more prominent organizations in the

visual simulation field either did not respond at all, or indicated no

interest or no available data. It should be noted that GAC, under anothe?
program, conducted a similar survey during the latter part of 1964, and fhat

the resulting information is directly applicable to this study - particularly

in the area of television systems.

LITERATURE SEARCH

a. Computer Controlled

The computer controlled library of the Defense Documentation Center (DDC),
the Aerospace Research Applications Center (ARAC) and GAC were enlisted

to conduct a comprehensive survey of available pertinent literature.

In all three instances descriptors were selected to encompass a significant-
ly large number of possibilities related to visual simulation. GAC library
personnel assisted team members in this effort. Returns were narrowed down
to a minimum number, copies of which were then obtained for examination in

detail.
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A total of 187 references was obtained via the computer-controlled searches.
|
The DDC and ARAC searches ylelded abstracts while the GAC search resulted

in titles only.

The most productive efforts wers the ARAC and GAC searches. The DDC
search, while p?oviding a significant volume of references, failed to turn
up much that is pertinent to the program. It should be kept in mind that
much of';he computer-source material is described only by title so that
potential:value is sometimes difficult to assess. In those cases where it

was felt that a potential did exist however, the reference was ordered.

General In-house '

This source included the Engineering Index, technical journals, and trade
magazines, GAC's files and miscellaneous articles and papers located
either in the engineering library or through references contained in other

literature.

The bulk of search material was obtained via this effort. The survey team

already had in its own files information on many visual simulators.

Patents

The patent search occurred im three stages. An initial review of the
available patent material was made first, to define what specific areas
were yet to be covered. A formal search was then conducted for applicable
patents by known contributors. Finally, additional patents were sought

when encountered in the literature.
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y, TRAVEL TASK
‘Travel was reduced by about 504 from the original forecast. This was due

primarily to a dearth of new systems or technology revealed by the survey.
The following organizations were visited during’the week of 21 June, 1965:

Scanoptie, Incorporated

Phoéomechaqisns. Incorporated

F. 3. Maclaren & Company, Incorporated

Far;and Optical Company, Incorporated °

United States Naval Training Devices Center

Marquardt Corporation - Pomona Division

?ﬁéific Optical Corpora?ion

Tinsley Laboratories, Incorporated
The above eight organizations were visited in order to gain information in
greater detall than had previously been obtained through correspondence,
and to disguss with potemtial suppliers some critical aspects of the design
criteria p;esented in Section IV of this report. Of the eight, all but the
last two were visited in reference to existing aqd/er pending optical pickup
systems contracts. The remaining two are leading suppliers of visual simumlation
system optical components. Appendix L describes data inputs of these

contributors.

Monday, 21 June
Visited a team consisting of Scanoptic, Photomechanisms, and F. B. MacLaren.

Scanoptic is a small concern whose main interest is optics. Photomechanisms
and F. B. Maclaren design the electro-mechanical portions of their pickups.

The Scanoptic pickup is one such effort developed about 1950, and since

-
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improved upon with the addition of two more models. The current maximum has a
98-degree field. A 10§-degree :f1eld is considered possible with the same basic
system. Quite a few of these systems have been manufactured for use in various

simalators.

In response to questions on optical pickup servo performance capabilities,
their personnel inqicated that actual performance is better than their
previously-submitted data sheets,and that they would forward these data to
GAC. They also indicated that they believe the primary limiting factor to be

the gear trains used in the drive linkages.

Tues 22 June

(1) Visited Farrand Optical Compsny. This company has exploited the
spherical-mirror concept for wide anglé virtual image simulation displays
and has since produced quite a number of these systems. Their response
to the survey letter described general performance parameters of a wide
angle, dual-~channel optical pickup which they were not willing to detail.
Through a misunderstanding GAC team members had expected to be able io
see some of the equipment; this, however, was not the case. Their |
personnel indicated that the details of their pickup system are already

in the possession of the NASA.

(2) vVisited Naval Training Devices Center (NTDC). This visit was planned on
a tentative basis only, since team members did not know how much of the

day was to be spent at Farrand.

NTDC personnel said that their overall in-house effort is directed at

coming up with a satisfactory display for visual simulation but that they

-10-
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were investigating Fhe entire visual system spectrum to achieve this. They
cited some 60~degree optical pickups that they obtained and are evlluating.
NTDC hés obtained a wide angle system tha£ utilize§ a single wide angle lens
FOgether with three television cameras for pickup, and a similar f/l.O
projection configuration for a display on an aluminum-painted hemi%pherical
screen. The system, used as a ship-docking simalator, operates with an
HOscale model and provides a }53-by—60-degree field at 4 foot 1amPerts
screen brightness. Simqlated visual range is from 15 to 2000 feet. we

were unable to view this device at this time.

Pertinent projectg by other investigators were also discussed. These

sources have been queried, but have not as yet responded.

Wedn 23 June
Visited the Electronic Products Division of Marquardt. This division publicly
disclosed last year an ultra-wide angle generation and display system. This

is called the VueMarq systenm.

Team members were shown the existing VueMarq system, which is striectly ag
photographic device. The display uses the resulting single-frame color
transparency, and features servo controls to simulate changes in attitude

about the stationary pickup system (camera) pupil point. For real time
simulation of the type considered herein, the concept appears restricted;
Marquardt has cited a conventional pickup in several of their simulation system

proposals.
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Marquardt is working on a contract from NASA langley ?o develop a 4000-line

television system for use with their VueMarq system. The television portion
of the study is being handled by Automation Laboratorie;, a Marquardt subsi-
diary loca}ed in New York. The latter organization has also been queried,

but withouy result.

Thursday, g# June

Pacific Optical Company was visited. This company has a long history as a
manufacturer of quality opties including several cataiogned wide and ulira-.
wide angle objectives. They have built optics for visual simulation syétenp
in the past. Team members were given a tour of their facility, which is
fairly extensive and quite complete. Team members discussed at some length
with their personnel the problems associated with optical obJjectives for

pickup systems.

Their personnel cited a number of wide angle objectives in general use which
were designed by Pacific. They also stated that they have a considerable
number of wide angle designs available which can be modified with relative

ease to meet specific visual system requirements.

Friday, 25 June

Visited Tinsley Laboratories. Tinsley specialize in large-aperture optics and
catadioptric optical systems utilizing both spherie and aspheric elements whiéh

extend well up into the so-called massive range.

A major effort in recent years has been devoted to the manufacture of extrémely
large (up to 120 inches presently) optical elements - both refractive and

reflective. These have been primarily for two applications: solar and visual
=12-
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simulator manufacturers. The visual simulation elements are uysed in virtual
image displays. This company is unique in that it currently possesses a
capability for proyiding virtually any forr of massive-optics display such as

the Farranq of the Marquardt wide angle systems.

Their personnel stated that 80 to 90 extra largq mirrors have been produced to
date, but with significant scrappage. The latter has béen due primarily to a
requirement for element truncation. When large optical elements of this size are
truncated, internal stress imbalances become appreciable and breakage can

occur in a totally unpredictable fashion.

Tinsley is currently undergoing a 1004 facility expansion. One result of this

~1s to be a physically-isolated collimation test cell of extreme size, with

provisions for further growth. They are also working on a 140-inch grinding
machine. Their parent company, Optical Coatings Incorporated, currently does
most of their coating work. Their personnel stated that the vacuum facility
at Space Technology L;boratories can be made available when required. This

facility can handle elements up to 23 feet in diameter.
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SECTION III - TECHNICAL INVESTIGATION

GENERAL

This section is intended to define the technical scope of the program through
definitions and discussion of the specific parameters to be improved, and by
consideration of the subsidiary (non-optical) functions and devices whic_h are

associated with an advanced optical pickup design.

The functional implications of angular field, depth of field,working distance
and angular motion - all basic quantities which are desired to be improved
upon - are considered independently in the following paragraphs, Angular
field and depth of field result from a selection of other well known opticale
system parameters such as focal length, circle of confusion and effective
aperture. Each however,\_- due to dependence upon common optical quantities,

is also very much dependent upon the other, so that it is not possible to
optimize on a separate basis, The third quantity is partially dependent in
that a given objective lens design prescribes the location’relat.ive to the |
first surface, of the entrance pupil point, which is the center of visual per-

spective or simulated-observer location.

Angular motion capability effectively depends on the location of the entrance
pupil and the angular field, If the pupil is relatively far from the first
optical surface and the angular field is not too great, then motion simlation
can be achieved by path-bending components near the pupil location., If ﬂot,
then it is gemerally necessary to move the entire optical pickup about the

pupil point to simulate the required attitudes,
‘ T
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PROBLEM DEFINITION

8. Angular Field

(1) Rectilinear Propagation of Images
Op!tical systems which transmit the image of an object to a flat field
in' a rectilinear (undistorted) _fashion are limited in angular cov-
erage and usefulness. Equation (1) is the f\;nction that describes
such systems,

4

ERRSTES 4

(1)
where
F = focal length

Y'» image height (measured normal to and from the
optical axis)

& = object angular displacement

Optical Axis .

]
l

| < F . |

4

Most lenses are designed for rectilinear propagation of images but
angular coverage requirements are generally small (i.e, s less than
60 degrees). Wide angle lenses (from 60 to 120 degrees) have been
designed which yield rectilinear performance up to 106 degrees with
aperture ratios of approximately £/6. The #ypergon lens ranges into
~15-
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thg realm of ultra-wide angle lenses (greater than 120 degrees) with
an angular field of 135 degrees at f£/32. Although wide angle and
izédeed ultra-wide angle fields can be obtained with distortion-free
pqrfommce, the classes of symmetrical lenses used to obtain these
cl;aracteristics are not considered advantageous for optical pickup

devices., The recessed entrance pupil and illumination falloff in

" the image are the primary disadvantages.

As the field of view increases for a single objective lens the desired
condition of having an external entrance pupil cannot be maintained.
The advantages of an external pupil are discussed under paragraph i.
(six Degree of Freedom Motion Considerations). The external ontupu
pupil can be maintained for fields up to approximately 110 degrees. .
Such an objective lens however, would produce negative or barrel dis-

tortion. This can be corrected later in the optical pickup.

Maintaining luminous efficiency for a rectilinearly propagated image
of wide anglé would not be possible. The cosh law would cause the;
i1lumination of an image point at a distance Y' above the optical
axis to decline to an amount equal to the product of the axial image
point illumination and the cosho) o This would be 10.8 per cent of
the axial image point illumination for a semi~field angle of 55 de=-
grees. (See; figure 1 ). The image brightness differential for pro-
gressively fo-axis image points must be compensated for in recti-
linearly propagated image systems of the wide angle variety. This

is best accomplished with a continuously-variable transmission filtar
-m-
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(2)

which attenuates the image to a level of uniformity compatible with

television pickup tube characteristics.

Optical pickup devices for real time simulation systems are intimately
associated with tele;ision systems, Some distortion can be cor-
rected by altering the television scanning syétem in either the
pickup or dis;ﬁlay. ‘. This subjJect is more fully discussed under tele-

vision system parameters (Section IV ),

In general it is most desirable to have a rectilinearly-propagated
image. Such systems do not require special means of display and reso-
lution is fairly uniform in terms of bits of information per angular
degree, As the simulated field of view gets more into the reala of
ultra-wide angle viewg it becomss less desirable to employ rectilin-
earity-propagated images, This is true from the optical pickup

design standpoint and that of the display device,

Non-Rectilinear Propagation of Imaées

As simulated fields of view approach the upper limits of wide angle
systems and continue into what are defined as ultra-wide angle fields
it becomes necessary to examine non-rectilinear optical pickups.
Figure 2 illustrates the characteristics of a special case of non?- |
rectilinear propagation where angles in the object space are equated

to distances off axis in the image space,

-18-
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The cosh law is controlled within reasonable limits by restraining
the image height Y'. More specifically, the image displacement agles

are held small, The proportionality constant for zero distortion,

tan 0’
-+ = gonstant
T /;I w

I3

vno longer holds. The ratio of the tangent of the image angle to the

tangent of the object angle does not equal a constant. The type

of distortion cited in the above system is barrel distortion, wherein
magnification diminshes progressively as a function of object angular

displacement.

Very many wide angle and most all ultra-wide angle lenses yield
barrel distortion., A class of lenses specifically designed for such
purposes are the reverse telephoto series. These lenses offer high
resolution over wide angles with low f/nos resulting in a distorted
image., Several simulation devices employ such lenses as their
optical pickup system objective. These pickups were fomerly used
in programmed devices but several real time simulators now use this
approach. The major drawbacks are restrictions on closeness of ap=-
proach to the model due to a highly recessed entrance pupil, angular
motion simulation problems, and real time, television link, problems

in terms of resolution bits per angular degree.

=20~
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An example of the resolution problem from the viewpoint of angular
coverage can be explained in the following example:

Horizontal field of view = 110 degrees

Horizontal television resolution = 900 TV lines
(on axis only)

The angular resolution of such a system equals:(L:3 aspect ratio),

110 (60) . minutes of are
00 optical line pairs

= 1] arc minutes resolution
The television system indicated is a state of the art high resolution
system. It has a bandwidth of 32.5 me. The best horizontal resolution
for matched vertical and horizontal performance is 900 TV lines on
axis. Resolution in the corners would probably drop to 700 TV lines.
This would present what is considered as a marginally acceptable display.
The peak resolution is 11 minutes of arc. .Marginal acceptance for visual
simulation is defined here as 12 mimutes of arc resolution minimum in
the area of greatest interest. Good resolution performance is defined
as a minimnm of six minutes of arc resolution. The actual figures
for simulation performance are usually tailored to the specific simula=-
tion task or mission. Simulation devices need not duplicate human eye

resolution of one arc minute except in rare cases.

Ultra-wide angle lenses may be considered rectilinear from a systems
standpoint if the taking lens and projection display lenses are matched
to be the equivalent of a symmetrical lens system. Regarding an ultra-
wide angle lens from the standpoint of being the objective lens of an

optical pickup however, presents formidable problems for an intermediate
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link such as television. An example was previously explained on the
basis of using a high-resolution television system with an undistorted
wide angle field of view. If we now consider the same case and present a
barrel-distorted image on the television pickup tube, the equivalent
perspective of the previous example would require electronic means of
correction if the video output is to be a true perspective representa-
tion. The nature of barrel distortion is incompatible with television
resolution characteristics. The decrease in angular magnification

with object angular displacement-indicative of barrel distortion -
further degrades the angular resolution system performance if
corrections are attempted by non-linear raster scanning. Ultra-wide
angle fields of view can be obtained by various optical systems to the
extent of cevering 360 degrees horizontally by 240 degrees in elevation.
However, single television camera systems employing flat focal planes,
which venture into the realm of ultra-wide angle performance, must
inherently possess negative distortion. JSeveral such systems exist,
including the reverse-telephoto series of lenses as well as various

catadioptric designs.

«2%a




GER-12103 S/4

. REF: ENGINEERING PROCEDURE $.017

b. Depth of Field

(1) Geometry
Hyperfocal distance, H, is that object distance for which all information

located between H/2 and infinity will be in focus on a single plane with

a resolution defined by the chosen circle of a confusion. Figure 3A

shows a bundle of rays from infinity focused at the primary focus of the

lens and a bundle of rays emanating from the point H focused at a distance
"F + X in the ipage space. The ray bundle from H describes a circle

of confusion, ¢, on a plane at F. As the desired value of ¢ is

arbitrarily decreased by adjustment of other optical parameters

the information from H becomes more highly resolved on the plane

at F. The following derivation defines H:

1l = 1 +1

From Figure 3 A

1 =1 + 1
F H 5
X= F°

(H-F) (2)

and

e D
2X 2(X+F)

I=_oF (3)

D-.c

Equating (2) and (3)

P o= cF
H-F D-c¢
H= DF= _F? (L)

c Zf?no.sc
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B. PFinite Far Depth of Field

‘ = R Depth of
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—mn=§ —| - ;
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C. Infinite Far Depth of Field

Pigure 3 - HYPERFOCAL DISTANCE AND DEPTH OF FIELD
~2li-
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Equation (4) defines the hyperfocal distance H as a function of the

foeal length, reldtive aperture and the circle of confusion. When the
circle of confusion is located on a plane at some image distance greater
than F as in Figuré 3B , there are two limiting ray bundles corresponding
to two different image distances, the distance between which defines the
depth of focus. There are also two object distances corresponding to
the two image distances which define the near (Dy) and far (Dp)

depths of field. All information lying between Dy and Dy of Figure 3B
will be in acceptable focus (as defined by the selected value of c)

on the plane gt s'. The near depth of field and the far depth of

field are defined by:

= Hs
Dy T (o) (5)

et (6)

Figure 3C shows the geometry for an infinitdy-far depth of field. This

condition is attained when the lens is focused for an object distance
equal to the hyperfocal distance.

Then, equations(5) and (6)reduce to Dy = H and Dy =c0.
2

25



B-1D-1% 7-64)(77-10)

REF: ENGINEERING PROCEDURE S-017

GER-12103 S/&

S

Working Distance

Model working distance or the closeness of approach to a model is dependent
on how close the cemter of perspective (entrance pupil) can be brought té

the model surface. In an external-entrance-pupil-type system the controlling
parameter becomes the radius of the entrance pupil. This neglects the path-

folding media (prisms, mirrors).

Fignre i 1is a curve relating angular resolution to entrance pupil diameter.
This curve is based on theoretical diffraction - limited performance using

monochromatic light where:

X = 1.22 )

1]
angular resolution = constant x wavelength of light
entrance pupil diameter

Most existing optical pickups employ entrance pupils one to two millimeters in
diameter. Under pure theoretical conditions these pickups cannot resolve
better than one minute of arc. The best performance claimed by one manu-
facturer using a 1.6 mm pupil is approximately 3 minutes of arc resolution
on axis only. This amounts to half the theoretical limit for the very best
condition of performance. Progressive off-axis imaging must produce formid-
able losses in resolution. When working with three-dimensional models,
sacrifices must be made for close model approaches. A practical limit on
closeness of approach based on pupil considerations would be approximately
0.025 inches. With hardware implementation such as angular motion simulation
devices the practical limit on approach would be more nearly 0.050 to 0.060

inches.

am
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Motion Requirements
Translational motion freedoms are required in optical pickup simmlation

devices but need mot receive special consideration insofar as the design
of the optical pickup itself is concerned. The angular degrees of vehicle
freedom (roll, pitch, and yaw) are more critical to the design problems of

optical pickup devices and have therefore been studied extensively.

If ultra-wide anglg probes are employed, which essentially view henispherical
data, motion simulation considerations must be examined differently from

devices having more restricted fields.

The exact magnitudes of roll, pitch, and yaw motions to be simulated are
dependent on a specific simulation system requirement. Some general

remarks concerning the simmlation of these motions is important.

Fly-around capability is most always Qesirous. This would indicate the
need for at least a 360-degree optical pickup heading change capability.
This motion has been provided in both 1imitea and continuous fashions

in existing designs. Roll in optical pickups is usually easy to

provide as a continuous motion. Pitch motion can be sirmlated from
horizon to horizon in some pickﬁp devices. Although this magnitude of
pitch simulation is most generally unnecessary under‘close-approach
conditions, even greatly restricted pitch freedoms can, on the particular

system, pose design problems.
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Three-Dimensional Models

For space simulation two types of models are of primary interest: terrain
and other vehicles. Both are important in terms of the objectives of this
study program; however, terrain models are perhaps the most commonly thought
of and are certainly bounded by the same if not greater problems and limi-

tations insofar as model-making technology is concerned,

Terrain models have random surface upon which information of varying detail
is found. This detail may consist of cultivated fields, single and grouped
trees, hedges, roads, buildings, vehicles, camplexes such as airfields:-or

tank farms, dockyards and population centers of varying size.

A logieal extension to the achievement of an voptica.l pickup that permits
very close working distances while maintaining or improving other basic
parameters is to go to a smaller model scale. This has obvious advantages
such as storage of a given terrain area in a much smaller physical simu-
lator space, which in turn leads to a smaller translational motion system.
In the general sense one might surmise that the cost of model and motlon

system also decreases, and this is true to a limited extent,

In the case of the translational motion system, decreased travel lengths
permit a much more rigid structure per dollar of cost aﬁd therefore a more
reliably constant motion datum with respect to a fixed model, As scale
continues to decrease however, small-motion increments also bec ame very
small so that motion system servo resolution and accuracy must ultimately

suffer.
«29a
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In the case of the models themselves a great deal of hand labor is even
now required to produce a model embodying the pre{riously-described informa=-
tion at scales presently used (on the order of 1:3000). The areas where
hand labor is required include: (1) cartographic compilation work; (2)
depiction of desired information detail, including shape and surface treat-
ment (i.e., texture and reflectance); (3) accurate mosaicking of individual
model seétions where a large total installed model area is required; and |
(L4) verification of installed model depiction includ ing vertical and plani-

metric data.

The most critical of these is the depiction of model detail, At a scale
of 1313000 & 100=-foot long building wall is 400 mils (0.4 inch) long on the
model, A 33-foot wall height however is only 133 mils, Experience has |
shown that the best way to model culture at extreme scales is by precision
pantagraph routing equipment working in epoxy. The tooi is a cutter ro-
tating about the model vertical. The tool diameter is the limiting factor
in achieving detail such as a building inside corner, and at the stated
scale can be made small enough to attain quite realistic results. As

scale decreases further,results become marginal.

The current state of the art is such that routed surface detail down to
about seven (7) mils can be achieved. Inside corners, on close examination,
reveal a definite radius but, for the type of terrain simulation usually
desired this presents no problem since the requirement for close viewing
from a stationary vehicle does not arise. Rather, close viewing of cul-

ture occurs only for low altitude overflight , wherein vehicle speed is

-30-
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such that the cultural object passes through the field of view at an in=-
creasingly greater rate as slant range decreases. Under these conditions
when range has shortened to the point where tHis type detail is normally
discernable, image motion has increased so mﬁﬁh that considerable effort
on the part of the observer would be required to d:'f_tinguish much depar-

.
N

ture from correct structural feature geometry.

Detail of a discrete type, such as windows a.nd doors can best be handlsd
by use of discrete reflectace changes. A fence or hedge is depicted by
combinations of detail routing and reflectance changes. Detail of very
low relief, such as a plowed field can be simulated by a combination of
surface texture and reflectance variation; pure artistic effects come inte

primary usage here,

0f course if cost is no objJect extremely, fine three-dimensional (geometric)
detail can be effected quite satisfactorily by painstaking hand carving.
Similarly, textural detail could probably be reduced by use of photo-
engraving techniques but this would require a working material other than\
epoxy and probably introduce temperature coefficient problems. Reflectance
treatment detail can be done at scales limited only by the "finenee.s of the
tool used and perhaps minimum attainable reflectance material dimension

results should be compatible with achievable geomstric detail.

To sum up, model scale reductions on the order of four to one, as referenced
to the previously-cited figure, are readily attainable by use of current
model-making procedures. This factor can probably be improved by an ad=-

ditional factor of 1.25 to 1.5 if model cost is not a significant criterion,
«3le
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3. OPTICAL SYSTEMS

&,

Dioptrie

Wide angle views may be accomplished by several means., For a refractive
system a straightforward approach might indicate using a single objective
lens. As the field of view increases the depth of field increases for

a given format (all other parameters being equal). This characteristic
is 1llustrated in Figure 5 . It is deceptive to view these character-
istics without recognizing some important factors which lead to systems

problems as discussed in Section III.2.a.

In most optical pickup devices employed in visual simulation it is
desireous to utilize the external entrance pubil approach. In such
s&stems the entrance pupil (center of perspective) is an aerial image

of the limiting aperture.and precedes the objective lens, With the

center of perspective in front of the objective element(s), system motions
and closeness of approach to the model are easily attaiﬂed. However, as
the field of view increases, the entrance pupil recedes toward the
objective lens. An extreme of this condition would be a wide angle
objective lens of the reverse telephoto design., In this case the

entrance pupil is physically located ingide the lens itself.

It is an objective of this study to establish a reasonable limit on the
field of view attainable with the external exit pupil approach. For a
single objective lens this approach seems limited to wide angle pickups
(€120 degree field of view). A single objective lens system with a 110

degree field of view is considered feasible.
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Three types of objective lenses have beeninvestigated. They are designs
similar to Erfle eyepieces (see Figure 6A ), Wild eyepieces (see Figureés ).
and higp power microscope objectives (see Figure 7). These.are presentlj
considered the most promising type desligns to pursue for use with the |

external entrance pupil approach.

Although distortion will probably not be fully corrected optically for the
110 degree single objective system, the magnitude will be relatively small,
Subsequent correction can perhaps be best accomplished in the television

system.

Untre~wide angle lenses ( > 120 degrees) are available in a large selection
of designs. Most of these designs were developed for aerial reconnaissance

purposes, Characteristiacs of some of these lenses are as followst
Hypergon - £/16, 135 degrees
Pleon - £/8, 136 degrees.

Although these lenses do not exhibit extreme distortion problems it is
doubtful that they will suit the purposes of a wide angle pickup as well
asg other lenses with extreme distortion which are now available.

These are the reverse telephoto series of lenses. Fields of view covered
by these lenses range up to hyperhemispheres with 270 degree field angles.
These lenses become highiy attractive because of their low f/nos., and

high resolution.

Implementing any of the ultra-wide angle lenses in an optical pickup
device poses formidable problems in real time simulation of vehicle

dynamics. Some ultra-wide angle concepts have been considered buf in
. -3l
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b.

Ce

these systems it is felt that the displsy means must be intimately
associated with the pickup device. This is particularly true because
of the distortion parameter. The overall design of optical components
between the objective lens and the pickup tube is facilitated with the
highly disterted image of the reverse telephoto. The display system

however, must in this event compensate for this condition.

Inasmmch as these wide angle systems will be used in conjunction with
closed cir‘cui‘éb television systems employing a phatoéhthode s 1t 18
necessary to consider the interaction of the optical and electroniec
systems. When an undistorted image is produced on the photbcathodo,_
field of view of the optical pickup is related to its focal length and

the useful diameter of the photocathode,

\ . 1
VIR

Fig. 8 1is a’*hlét of the diagonal field of view vs.effective focal
length for particular values of the useful diameter of existing photo=-

cathodes, ’

Catoptric
Pure reflective systems for use as pickup devices have not been deeply

investigated. Catoptric systems alone do not offer the design freedoms
inherent with refractive or catadioptric technigues.
Catadioptric

Particular consideration has been directed to catadioptric systems feor

ultra-wide angle pickups. Their use as wide angle pickups, however,

includes significant disadvantages in temms of design, fabrication, and

the implementation of a six-degree-of-freedom motion system. It is felt

that refractive systems can best meet these wide-angle pickup require-
37w

ments,
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Some nltra-wide angle pickups of catadioptric design offer cartein
advantages over pure reﬁ"'active systems. The basic principle of
these systems employes a Bonmvex mirror as the closest element. to

the model.

The basic geometry of one such aystem is shown in Mg, 9 . The

system utilizes the basic principle that when a convex hyperboloidal
mirror of eccentricity e is positioned to share a common foous and a
common axis with an ellipsoidal mirror of eccentricity .1‘. » an angularly
undistorted image is produced at the focal surface of the ellipsoidal
mirror. The principle necessarily links the pickup (hyperboloidal
mirror) with the display (ellipsoidal mirror). Te size of the fields
of view depends upon how much of the oonic sections are used. If the
majority of the conic sections are used, the flelds approach 360 degrees
about the common optical axis and more than 240 degrees in a transverse
plane. The implimentation of the basic principle to achieve a real
time optical pickup and display uses refractive elements to focis the
imagery onto a photocathode.

Another catadioptric system employs a comvex spherical mirror as the
element of closest approach to the model, Again refractive elements

are employed to form the final image on the piclkup tube,

Suoh oatadioptrio systems, while offering ultra-wide felds of view,
impose formidable design problems. The image plene formed by the
convex mirror is highly curved and requires complex optics to focus
the curved field on a flat-face photocgthode. Also, the entrance

pupil of such systems is recessed, causing severe design problems for

vehicle attitude simulation, . <39~
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Also, under the category of catadioptric systems can be included those
devioeﬁ which use Plane mirrors for synchronously scaming model terrain.
In addition to the optical problems of pickup design, fomidable prob-
lems in mechanical design and electronics arise. Solutions to these

| pro'blelfs are within the present state-of-the-art. At the present time,

hOVeve:r, it is believed that the state-of-the-art for opt%cal pickups
can best be advanced by means of more conventional refractive approaches,

i
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4. ELECTROMECHANICAL SYSTEMS ' ,

a,

General
The optlcal pickup head will require servo-controlled motion of certain
mechanical elements to achieve pitch, roll, yaw, focus and others as

required.

The servo systems considered here are analog. A comparison of advantages
and disadvantages of an a-c servo loop versus a d¢ servo loop indicate
that it would be desirable to use an a~c servo with dc‘compensation
networks. The accuracy requirements dictate that a type II servo system
be used. With this type system a positional error between input and out-
put occurs only during acceleration. . A two-speed synchro system will
provide position feedback. This feedback arrangement reduces the

synéhro elestrical error effects dy a fastor of the gear ratio between

the coarse and fine synchros.

The servo loop is made up of the following components:
1. FMnpe and coarse synchro transmitters.
2. Fine and coarse synchro control transformers,
3. Data switch
4. Demodulator
5. Integrator amplifier.
6. Gompeﬂsation network,
7. Modulator -
8. A.C. serveaﬁplif;er;
9. A.C. servomotor

10. Appropriate gearing.“
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The following is a general discussion of gervo system performance in

certainiimportait areas and the effects of various subsystem components
_ ’ |

on that performance. Also Included is a discussion of various types of

servo mqt.ors.
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The perfomncé of a servo system at low angular rates depends

on tho syatem sensitivity, Sensitivity is determined hy the
lu:%m error voltege uhich may appear at the output of the

error detector without any corrective action occming. The
na.xé.lmerro_r mltiplied by two will represent the ayatenb "dead
space"'. This dead space creates a non-linear region of operation
and causes erratic or j’z__-lq__notiox; during sterting and reversals,
The lower the angular r;to the more proncunced is the effect of
dead space,

In the servo systems of interest the A C servomotor will cone
tribute to dead space. Servomotor sensistivity is measured by
the voltage on the control winding that is just sufficient to
start the motor, Sensistivity is limited primarily by cogging.
With the main ﬁ.eJ.d fully excited, the rotor tends to lock due
to nagnetié forces. The number ¢f distinct locking positions
matches the mmber of slots in the rotor. The motor camnot
start unléss t&ée control field voltage generates enough torque
to overcome doéging. The starting voltage required to over-
come coggiu,plua friction is gqprally less the 3.5% of the
rated control field voltage. S&e small militery motors are
rated 1.5% of the rated control field voltage. This is not

due to any improvement in design but just careful manufacture ,

and special screening. @o‘g‘gingﬁeffect can be minimized especially

in smaller motoms: by appropriate design. According to vendor
‘hh-
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information this figure can be reduced to as low as 1%. Drag
cup design motors have extremely high sensitivity, since the
rotating member hag no iron, Typical starting voltages ere

on the order of 0.5% of rated control voltage - about six

times the standard sensitivity., However, stall torque per watt
is about one half the value for conventional motors. As a
compromise between the high performance of the squirrel-cage
motor and the pniformity of the drag-cup unit, some small gervo-
motors use rotors of pure unlaminated irom. Although the over-
all torque per watt input may be 20 per cent less for the solid
rotor than for the squirrel cage, these units may be used to

obtain extremely smooth performance,-.

The integrator amplifier in the loop will affect smooth operation
at low angular rates., This amplifier will integrate the error
signal during the dead space interval. Since there is no feedback
signal during this time the integrator will continue to charge

and result in an overshoot in the desired position.

The combination of the dead space and the integrator amplifier
will result in erratic or jerky motion during slow starts and
reversals., - How pronounced this effect will be depends on the
servomotor sensistivity, loop gain, friction, scale factor, and

time constant of the integrator amplifier.

Use of a D. C, servo-motor in lieu of the A.C. servomotor would

improve this condition some because the D, C. servomotor has a

45
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large;' speed range. In fact, a comparison of other character-
istics of a D. C. motor with those of an equivalent A, C. servo-
motor indicates that the D, C. motor would give the best over-

all performance.

The gengratioy of“:adio frequency interference noise bty the
commtator and brushes, larger physical size and possible in-
accessibility for brush replacement are disadvantages of & D. C.

servomotor,

Noiqé»can he_defingd as any undesireable signal. The noise level
that can be tolerated depends on the system requirements. For
high gain oydﬁon, noise is more of a problem and has to be kept
at a ninimnp, Noise can enter a system by radiation or conduction.
It cen originate within system components or associated equipment.
ﬁadiation noise is attemuated by shielding. Conductive noise is
attermated by filtering,

In the subject servo systems component noise is considered to be
6f more concern than radiatod_and conductive noise, Noise levels

at the synchro, demodulator and D, C. amplifier are discussed.

(1) Synchro Noise
Synchro null voltage may be defined as the residue voltage

appearing across the secondary of a synchro when the roter

position is such that the in-phase fundamental voltage appearing

across these terminals is zero, It conslsts of two basic

~lifm

Sae LS cbesemiarows . . —— b - -
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components: quadrature fundamentsl null and harmonie

voltages.

Fundamental null is a residue voltage having the same
frequency as the excitation. This voltage is always in
time phase quadrature with the output voltage at maximum

coupling.

Highor time phase harmonic voltages are the other components
of null, They are predominéntly third harmonic and usually
combine with the fundamentel to yisld total average mull,

Typical size 8 synchros have a fundamental mull of 3/MV amd
a tétal null voltage of 53MWV,

Demodulator Noise

A demodulator will give a D, C. output only for input signals

that are either in exact phase or 180° degrees out of phase
with the referemce voltage. Signal components in quadrature
with the reference are mot demodulated. This does not mean
that they are entirely suppressed; rather, the demodulator
does not produce any d - ¢ as g result of this a ¢ input,
but it does produce an 800 cycle ripple which is 1% or less
of the peak to peak output voltage. Since the demodulator
output is D, C. and the frequency of the ripple would be

800 cycles, this ripple plus any higher frequencies that
may be coupled from the synchro can be filtered with little

effect on the dynsmics of the system,
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(3)

(4)

-

Amplifier Noise

D. G, operational amplifiers would be solid state, chopper=-
stabilized amplifiers with low noise and drift character-
istics,.

Noise in D, C. operationsl amplifiers is made up of shot
nﬁise, partition noise, flicker noise, 1/f noise and thermal
noise inherent in the active and passive components. The
magnitude of this noise, referred to the input, can vary from
10 to 15 micro volts. |

Modulator Noise

Noise in a modulator consists of quadrature and harmonics at
the output. In high-gain servo-systems performance is 1limited
by saturation of the servoamplifier caused by quadrature com-
ponents of the amplifier input signal. In addition, quadrature

signals produce undesirable motor heating.

To reduce the quadrature content of this signal specisl re-
Jection circuits are sometimes used. These circuits suppress
the quadrature component while producing an output proportional
to that component of the input which is in phase with the
reference potential used. Percentage of quadrature in the
output is typically 20 to 100 times lower than that in the

input signal,
«}j8=
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Gear Trains

In the servo system considered, pear trains will be required for the
synchro transmitter, synchro control transformer and also between the

motor and the load.

Any backlash in the synchro gear trains will contribute to the system

error. Therefore, these gear trains must be of special design incorporating

anti backlash features and precision parts. Gear trains have been fabri-

cated with a maximum backlash of 0.5 minutes of arc.

Backlash in the gear train between the motor and the load has no direct
effect on thé accuracy but it does increase the chances of system
instability if it is excessive, Standard motor gearhead designs are
available in which backlash is normally under 30 minutes of arc, although
20 or even 10;minutes are available on special order. Also availadble

are precision gearhead designs incorpqrating spring-loaded gears which
reduce backlash to consider;bly less than 10 minutes of arc. Slip
clutches can be employed to limit impact forces during servo

transients.

The possibility of eliminating the motor gear train by using a direct-
drive type of servo-motor was not encouraging. Available information
indicated that the motor sizes were physically much too large for an

optical pickup application.
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Drift
Drift is an offset in the output of a balanced circuit for a zero input
signal. Even though balanced units initially may not have any offset,
such errors can develop in time. Any offset will contribute to the system
error. ‘

D.C. amplifiers,.modulators and demodulators are susceptible to drift.

The chopper stabilizing feature in D.C. amplifiers keeps the drift at a
low level. The integrator amplifier in the forward loop which is
schematically located before the D.C. amplifier and modulator will

minimize any offset that may be present in these two components.

Drift in the demodulator can be minimized by a final nulling of the
synchros. The contribution of drift to the system error is expected to

be small.

PR >\_,\\
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£. Servo Motors
(1) Direct Dprive Servomotors

Recently, the direct-drive d-c servomoior has assumed increasingly
greater importance in the design of high-performance servos required

by modern military and industrial systems. These servomotors find

their principal application in gimbal systems for inertial platforms,
camera mounts, radar antennas and the like, where the torquemotors' high
torque-to-weight and high torque-to-inértia ratios, and lack of gearing

permit performance levels which are impractical by any other means.

They are thin compared to their diameters and are shaftless. Another
design features a printed-circuit armature with permanent-magnet field.
resulting in an output shaft similar to the conventional design but

8till having the large diameter and thin cross-section.

This type of direct-drive design is also made in A-C servomotors.

The motors are furnished with a high-resistance rotor and have linear
servomotor characteristics. When used as torquers, thej are not
expected to rotate very much, for their primary purpose is to provide

controlled torque for small angular movements.
The large stator diameter allows a wide selection of speed ranges.

Often a direct conflict exists between the application of an AC or DC
torquer. While the d-c pankake motor surpasses the a-c¢c in torque per
watt and torque per cubic inch, there are still many advantages of having
an AC motor, such as eliminating the brushes and commutator. In many

cases, the moderate increase in size and weight is more than offset

-51-
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by the advantages of eliminating commutator brush rigging, need for
changing brushes, brush bounce on vibration and radio interference from

sparking brushes.

The more powerful units are apt to be hade with squirrel-cage rotors.
Units in which extreme smoothness of starting torque is required are

sometimes made with solid iron rotors.

A-C Servomotors

The most popular type of general-purpose two-phase servomotor uses
& low-inertia, high-resistance squirrel-cage construction specifically
designed for servo use. But for specific applications, some of the

types discussed below are superior to the squirrel-cage motor.

In the drag-cup motor, the rotor conductors are formed into a drag
cup of conducting material rotating in the airgap. The slotted-rotor
laminations are replaced by a set of stationary iron-ring laminations
that provide a low-reluctance path for the magnetic flux. This type
of motor is noted for uniformity of developed torque with rotor
angular position, freedom from cogging and slot effects, and low
bearing friction resulting from the absence of radial airgap forces
on the non-magnetic rotor. However, the requirement for relatively
large airgaps has resulted in low torque per watt in the smaller
sizes of §rag cup units. Thus they are used primarily where uniform

torque and minimum bearing friction are necessary.

As a compromise between the high performance of the squirrel-cage motor

and the uniformity of the drag-cup unit, some small servomotors use¢
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rotors of pure unlaminated iron. Althbugh the over-all torque per
watt input mey be 20 percent less for the solid rotor than‘for the
squirrel cage, these units are sometimes used to obtain smooth
performance, low control starting voltage, and reduced manufacturing

costs.

Other varieties of mechanical designs include: closed stator slots,'
with stator coils machine-wound £§om the outside to reduce winding
costs; articulated stators, another way to permit use of machine wound
coils on a separable stator; separate rotor and stator sections, so
that the rotor and stator can be designed into a user's equipment;

and inverted motors, where the rotor assembly rotates around the

outside diameter of ihe stator.

Step-Servo Motors

When energized by d-c voltages in a programmed manner a step-servo
}&otor indexes in given angular increments. Its angular displacement
is either clockwise or counterclockwise and is determined by the

sequence in which the windings are pulsed.

There are basically two types of step-servo motors. The first works
on the reaction between an electromagnetic field and a permanent
magnet. This type is classified as a permanent magnet step-servo
(PM). The second type works on the solenoid action and is calledla
variable-reluctance step servo (VR). This unit works on the reaction
between an electromagnetic fieid and soft iron rotor.

a53a
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The stepping angle is determined by the design but cannot be greater

than 2 7. dnd still have directional characteristics and uniform
3

motion. It is possible, size permitting, to make the steps any

value ZTr where n & 3,

n

High speed switching by means of solid-state devices has .accelerated
the growth of step éervo motors. D.C. power now can be converted
directly into precise rotational motion in synchronism with the
input signal.
The use of the correct step-servo is determined by load conditions and
performance required. The choice of which to use is governed by the
following basic rules.
(a) Permanent magnet (PM) step-servos should be used when:

1. Nonambiguity is desired.

2. large stepping angles are desired.

3, Pulse rate is low (300 pps maximum bidirectionally)

h, Magnetic detenting is desired.
The choice of the correct PM step-servo is determined by the load,

pulse range and power available.

(b) Variable reluctance step-servos should be used when:
1. 'Pulse rate is high (1200 pps maximum bidirectionally)
2. Ambiguity of position is unimportant
3. Small angular output steps are desired (thereby eliminating
(or reducing gearing).
4, Magnetic detenting is not desired.

5. Presence of magnets is not allowed.
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The choice of the correct VR step-sérvo motor also is predicated
on the‘same factors as a PM step-servo. It is important to
realize that these are not fixed rules. Specially-designed
step-servo motors can have characteristics common to béth classes.
When a commercially available unit cannot be used, a new unit can be

designed integrating the desired features of both classes.

" Step-servo motors and their accompanylng logic eircuitry comprise

a basic step servo system. Some advantages of these systems are:

1. Response is the fastest available of any inductive device
today (in the order of 1 pillisecond).

2. High resolution accémﬁénied by high sweep rates,

3. No hunting or oscillation.

4. As straight digital devices, the need for digital-to-analog

voltage conversions is eliminated.

5. Can be used as open-loop servos.
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TEIEVISION SYSTEMS

General

A television system will be required in conjunction with the optical pickup
in order to amplify and relay the imagery to the final display system. The
television link provides a very flexible means (at the present time the
only practical method) for connecting the optical piclkup syst'em and the
display device. In addition, superposition and insetting techniques may
be employed to provide a composite display consisting of. imagery from
several camera sources. Other special elsctrmic effects, such as limited
distortion correction and simulation of atmospheric haze conditions, are

possible.

The television system considered for this application must have a high
resolution capability in order to provide sufficient detail for wide
angle visual system requirements., Also the system signal to noise

ratio must be high - preferably better than 4O db, in order to achieve an
essentially noise-free display. Optimiéation of other system parameters
such as flicker, tans.reproduction (conitrast range), response to visual
scene motion and brightness is required in ofder to obtain the desired |

high quality visual display.

A complete television system consists of the camera, camera control
electronics and the display device - either a direct-view monitor or a
projection system. The television pickup tube employed in the camera

is the tmsducer which c?nverts the optical system inputs to electrical
signals and hence is one bf the most important components of the entire

visual simulation system,
¥ 56



E-ID-15(7-64)(77-20)

REF: ENGINEERING PROCEDURE 5.017

GER-12103 S/k

b. Television Pickup Tubes

(1) General

(2)

Many types of pickup tubes are presently availablg for use in closed
circuit television cameras and considerable continuing effort is being
expended toward advancing the state of the art in camera tube tech~
nology. Careful consideration of the characteristics of the various
tubes is therefore required in order to help establish feasible over-
all vispal system performance capabilities as well as to determine
the optﬁmun; choice of a tube or tubes as the case may be,
Vidicon |
The vidicon is one of the most frequently used camera tubes in clos=ed
oircwdt television. Tis tube type is available in 1/2, 1, 1-1/2.
and 2 inch sizes with the 1 inch category containing the largest
number of different types. The limiting resolution capabilitiss of
these tube types vary from 500 TV lines for the 1/2 inch tube to
about 2000 IV lines for the 2-inch tube with corPresponding interme-
diate values for the 1 amd 1-1/2 inch tubes. The photocathode high-
light illumination requirements vary from a minimum of .1 foot candle
(maximum sensitivity operation) to a maximum of about 10 foot candles.
One foot candle is a reasonable average value for most standard
vidicons. Generally the two larger tubes require higher illumination
than the smaller tubes. These vidicons, except the 2-inch tubes,
are available with either magnetic or electrostatic focus and the
1/2 and 1 inch are available with electrostatic deflection. 'Ih§
1-1/2 and 2 inch tubes are generally available only with magnetic
57



Einisy et

REF: ENGINEERING PROCEDURE S.017

GER~12103 8/4

(3)

deflection. These tubes are readily available both in standard and
ruggedized versions. They may be mounted in any position, are rela-
tively small, light in weight, are not excessively expensive and have
a fairly long useful ,1ife. Most high resolution closed circuit cam-
eras presently mamufactured employ either 1 or 1-1/2 inch vidicons.
The 1/2 inch vidicon camot meet high resolution requirements and
will not be considered further,

Image Orthicon

A second type of camera tube which is often used in television cam-
eras, particularly studio broadcast carﬁaras and cameras for use in
televising scenes with a very low illumination level, is the image
orthicon, This tube is available in 2, 3, and L~1/2 inch sises and
1s one of the most sensitive of the presently available pickup tubes,
For example the 3-inch image orthicon type 7967 is capable of a
limiting resolution of about 600 television lines with a photocathode
1llumination of 2 x 10"5 foot candles and considerably greater reso-
lution at higher light levels. The photocathode illumination re-
quirements vary from a minimum for usable picture of 2 x 10~ foot
candle to an upper requirement of about 5 x 102 foot candle. This
type of tube with its associated deflection and focus coils is quite
large, generally more expensive than vidicon tubes and somewhat
limited in operating orientation. It has not attained widespread

use in industrial closed circuit television cameras,

58~
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(4) Other Types
Although the vidicon and image orthicon are at present the most
widely used tube types, several recently announced improvements
appear to offer potential advantage. Among the new developments is.
the Amperex PLUMBICON, a vidicon type tube available in a-one-inch
size., This tube has a lead-monoxide photo conductive lﬁyer which
eases lag, dark current and sensitivity problems associated with con-
ventional vidicons,
The secondary electron conduction vidicon (SEC) from Westinghouse is
another fairly recent development which of fers promise. This tube
presently'is avallable with magnetic deflection and focusing which
make the tube about the same physical size as a 3-inch image orthicon.
However, work is proceeding on an electrostatic version which will
considerably reduce its size. Outstanding characteristics of this
tube are its low lag, very high sensitivity (several hundred times

more sensitive than a standard vidicon) and wide dynamic range,

One inch, 1-1/2 and 3 inch image dissector camera tubes with aperture
sizes down to 0,0005 inch have been recently made available, These |
tubes have a high resolution capability, non-storage operation, wide
linear dynamic range and long life, However, present sensitivity
limitations preclnde their use at high resolution television scan-

ning rates.
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Announcements by General Electric of the focus projection and scanning

(FPS) vidicon and an electrostatic image orthicon are important new

additions to the camera tube field,

Camera Tube Characteristics

The television camera pickup tube accepts the visual data from the optical

plckup and provides the electrical signal to the display system, hence

its parameters are of vital importance to overall system performance.

The tube characteristics influence both the optical and elsctronic systems

design approach and in some cases may be the limiting factor. The im-

portant television pickup tube characteristics are listed below:

1)

2)

3)
L)
5)

6)
7)

Mechanical

a) Physical envelope dimensions
b) Effective Photocathode Diameter
d) Weight '

d) Mounting position

Electrical Requirement

a) Focus

b) Deflection

c) Alignment

d) Heater power

e) Electrode Voltages

Sensitivity

Spectral Response

Resolution

a) center

b) edge

c) Dynamic focus

Dynamic range and gray effects scale

Signal to noise ratio

= WD pem T Lo, s

=60«
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8) Lag or Persistence
9) Gamma
10) Environmental

a) Ruggedness
b) Temperature effects

Appendix H lists some of these characteristics for several commercially
available tubes. General discussion of these parameters and their effects

on television system performance is given below,

The physical dimensions of the pickup device or camera are determined
essentially by the choice of fube and the need for packaging all the |
e].ect;ronics in the camera (i.e., a self-contained camera). A:suning in
all cases that the camera is self-contained it is apparent that the La=1/2"
image orthicon, magnetically deflected and focused, will require the
largest package (volume and weight) }rith correspondingly smaller cameras
down to the smallest for a one-inch electrostat;l.c vidicon. The physical
construction of the tube may prohibijb use of the tube in a face-down
position due to flakes or specs of m?terial droping on the photo-sensitive
surface causing them to "appear" in the TV display. This is partj.cularly
true if vibration is encountered. The photocathode diameter affects the
resolution capability of the tube.

Deflection and focus techniques affect the resolution and power require-
ments of a tube. Magnetic deflection and focus require maximum power"to
operate; however, highest resolution is obtained for this mode of opera=
tion. Hybrid tubes, generally vidicons, consisting of electrostatic

focus with magnetic deflection, reduce focus power requirements to nearly
«6l-
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gero while reducing the magnetic deflection power by a factor of 'a.bont

five, Resolution is reduced 15-25¢ in the tube. All electrostatic‘tubes
(electrostatic deflection and focus) require very low power but suffer
reduction in edge resolution as compared to the hybrid tube. Eliminating
deflection and focus yokes significantly reduces wgight and size f;’of a camera.
Also resolution improvements can be obtained by use of special yokes and

by increasing the focus field strength and/or certain electrode voltages

to values higher than those normally given by the tube manufacturer, Dy-

namic focusing is usually used to improve edge resolution,

The pickup tube sensitivity and spectral response determine the incident
light level and frequency content required for tube operation at specified
picture quality. Tube resolution, dynamic range (gray scale) and signale
to-noise ratio determine picture quality. Resolution defines the number
of resolvable elements in the picture. Dynamic range determines the range
of brightness levels the tube can reproduce, commonly called gray scale
rendition. The signal to noise ratio provides a measure of the relative
noise present in a video signal, and is generally specified as peak to
peak signal to RMS noise for pickup tubes. Signal-to-noise ratio affects
the gray scale reproduction capability of the tube and also can degrade
resolution, This ratio is determined pfimaril& by the performance of the
video preamplifier connected to a vidicon while the internally generated
noise in an image orthicon is the main factor in determining its signale-
to-noise ratio,

w2
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Lag or image persistence is a measure of the image signal retention from
frame to frame, This is not a serious problem if very little mbtion is
occurring in the scene. However, as motion becomes faster lag will cause
smearing of the moving object and loss of 'resolut,ion.' Vidicons are more‘
subject to lag than are other types of pickup tubes normally ﬁsed in

television,

Gamma is the slope of the pickup tube light transfer curve. The pickup
tube transfer curve is one of several required for overall TV system
transfer evaluation (i.e., amplifier transfer curves and picture tube

curve, for example),

¢ extreme environmental canditions are encountered it may be necessary
to ruggedize the pickup tube or to provide cooling or other special pro-

visions in order to obtain acceptable performance.

~63=
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SECTION IV - DESIGN CRITERIA

GENERAT

Appendix F is a preliminary specification for a family of optical pickup sys-
tems which will provide significant advances in the current state of the art, |
As mentioned in Section I, the best currently available optical pickups op-
erate with approximately 60-degree fields of view. These are considered the
reference design in this study because of their overall performance. Wider
fields of view (up to 98-degrees) are available on other single-objective
systems but they suffer quite appreciably from distortion due to the design

of the objective lens and a lack of *"built-in® compensation,

The specification does not attempt to define an exact field of view because
specification-wise, distinguishing between numerical values does not repre-
sent any great difference, The points of demarcation between the single-
objective (wide angle) and ultrafwide angle approaches have been well defined
elsewhere in this report as has GAC's belief in the superiority of the wide
angle oblique optlcs system as both an initial advance and as a basic
building block for early field angle increases, Working distances are

optimized with this approach regardless of field angle requirements, and’

" motion system complexity remains relatively low even into the ultra-wide

angle range, Vertical optics systems represent a next state-of-the-art advance.
The following paragraphs, together with Appendices G and H describe some of
the specific basic design tecmiques plus information on related servo and
television equipment which are germane to the above basic conclusions and

recommendations of the study,.

By
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2, FEASIBLE TECHNIQUES

a.

Oblique Opties
Most optical pickups used in visual simulators operate such that the

dptical axis is either parallel to the model surface or at some angle
congiderably less than 90 degrees to the model surface. Conventionally

an optical image plane is recorded normal to the optical axis to preclude
distortion of the object data; but the! amount of object information sharply
focused in the image plane is small because of the narrow axial depth of
field. Figure }OA shows a 16 mm, £/10 lens with a 60-degree field of view |
oriented 45-deérees to the object surface at a height of 1.4 inches. For
the purpose of illustration, we assume a circle of confusion of 0.002
inches (this is somewhat larger than that typically used with a one inch
vidiecon), The near depth of field is 1,81 inches and the far depth is
2,07 inches, Thils results in a total depth of field at the object plane
of only one half inch along the optical axis, although the é0-degree lens

is capable of viewing four inches of object.plane data across the field.

The effective depth of field can be greatly increased if the image plane is
inclined to the optical exis as shown in Figure 10B. Under these circum-
stances, both the object and image conjugate distances vary across the
field so that ell the data that the lens is capable of gathering is

sharply focused in the oblique image plane. It can be shown that a line
extended from this imape plane passes through the point described by the
interseetion of the entrance pupil and the object plane. Using the

parameters describedfﬁbove, the near depth of field veries from 1.22 inches
-65-
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to 3.42 inches along the optical axis and the far depth varies from 1.31
to 4.81 inches. This results in an infinite depth of field along the

object plane,

Although an effpctively infinite depth of field is attained, distortion

is ﬁresent due to the resulting magnification variation over the field

of view. Figure 1l1Ais a plan view of a grid on the object surface.

Figure 11Bis the image of the grid using the oblique image plane. The image
of the grid is over magnified for near object data and under magnified

for far object data. Part C of Figure 11 shows the undistorted geometry

obtainable with a conventional system.

NS
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" b. Mulwple Pickup Tube System
Another technical approach to the problem of infinite depth of field
is the multiple pidcﬁp tube system, using two or more photoeathodes.
Figare 12 illustrates the prineiple of this approach, A single obe
Jeetive lens operating at low f£/mumbers (f/h to £/6) sharply foouses
thze model d_atq on a plane oriented at some angle to the optieal axis,
Thﬁls image plaino can be thought of as a imumbqr of mn-eopl@ image
plgnea which are perpsndioular to the optiecal axis, For the sake of
cﬂ.;nésion, let us oonsider three such planes located at three‘_d:l.f-
ferent longitudinal positions, By use of beamsplitters, we ean
assign a photoeathode to each of the three planes. Each pickup
tﬁbo has its owm set of supplementary opties to insure proper per-
speetive. Although each plokup tube rececives data from the entire
field, only the high-resolution data on each of the three plgnes is
reecrded. on each photoeathode, The remainder of the data 1s olin:l.-»
nated by masking the tubes, The problem reduces to using only the o
high<resolubtion data from each of the tubes and reeombining this
datg_ into a single video signél suitable for pg'aaexxtation to a
display 'system. Figurel3 1s a simplified block diagram of how this
san be done, Each of the pickup tubes of eameras A, B and C has the
secene imaged on its photoeathode surfaces, It can be assumed that
the high-resolution portions of the imagery on the three tubes oeour
as shown in Figurell, , This imagery is segmented to be parallel to
the scan lines (standard TV gean formab) that read out the data,

The video output from esch camera is fed to a switeh that applies
| 69
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FIGURE 13 - MULTIP.E TUBE SYLTEM BLOCK DIAGRAM
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video A, B, or C to the buffer amplifier, depending upon the switeh
oorfbrol-siénél input, The output of the buffer amplifier auppli‘es
the video éignal to the display. Since a common syne generator is
driving the cameras and display system, the a;anning sweeps of all
units are in synchromism, If the switeh is activated during the
hm*ij.zontal retraee time of the system, it is possible to seleet the
aut;;ut of any pickup tube for the display and to swﬁeh between
piekup tubes without ecausing display diseontinuity, Switeching ean
be arranged so that the high-resolution video data is always con-
tinuously sent to the display system,

The switch control signal can be derived from a computed signal,
ainee knowledge of optieal plckup head deta:!.ls and attitude orienta-
tion waald pérmit caleulation of the break pgints on the camera tubes
between the high- and lew-resolution data, However, it would sim-
plify the process if the switeh control signal were generated from
the pickup tubes; eontrollable masking of the face of each piokup‘
tube will permit gemeration of video signals that will drive simple
logic cireuits to aetivate the switeh,

'rhelsy_sta described above is based on the assumption that the high-
reso_;l.uticn data on the ¢amera tubes are always segmented parallel

to sweeps; however, as pickup head angular motions became larger,
this assumption no longer is valid, since nonparallel segmenta-
tion now will odcur, This requires mare eomplex switching singe

the video switching oecurs dwring the notive time of a sweep line,
' ~T13=
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This wolﬂu ean be solved by (1) optieally maintaining the parallo}-
aognentad high-resolution data and (2) tho applicatiom of nato-of-l
the ary hidu-speod logic and switohing eireuits, &dditienal toeh-
niques ean be fomulated for switeh-oontrol signal generation by

the camera tub{es themselves to minimige the requirements for exter-

nal oomputation and signal inputs,
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Multiple Objectives

More than one objective lens may be considered for solutions to problems
with either wide angle (between 60 deg. and 120 deg.) or ultra-widg angle
(greater than 120 deg.) simulated fields of view, The value of a mltiple
objective system might be questioned for wide angle applications, ;slthe
advantages in per{ormance would héve to offset the increased costs, added

complexity a.nq presently-anticipated restrictions on maneuverab‘ilityl.

Using this approach for ultra-wide angle pickup devices however, appears
quite valld since such systems would require several pickup tubes any-
way in order to maintain acceptable angular resolution over the resulting

total field of view.

A multiple objective lens approach is approximated by effectively come
bining two or more optical pickup devices together for use as a single
pickup system having a common entrance pupil. Individual optical systems
are required to operate independently with their own pickup tubes, Com-
plexity can be minimized by interconnecting mechanical and/or electrical
linkages and utilizing the same servo signals for inputs to the indi-

vidual systems,

The objective lenses share a common entrance pupil position to maintain
correct geometric perspective for the individual objective lenses. Pathe
folding optics precede the objective lenses such that extreme field rays
traced back fram the object space converge at a common point (i.e., the

system center of perspective). Each of two or more objective lenses is

“75= . .



B-1D-25(7-68)(77-10)

REF: ENGINEERING PROCEDURE $.017

GER-12103 S/b =

used to yield high-resolution performance over moderate fields of view.
These fields of view may individually cover moderate angles of L0 deg.
to 60 deg. The use of multiple objective lenses and separate pickup
tubes overcomes two of the most basic problems in pickup devices:

1) Optical limitations are controlled through limited angular coverage.
2) Net system resolution is now high and equal to that provided through
" any individual channel,

Note howsver, that considerable care must be exercised in both the elec~
tronic and mechanical design in order to obtain and maintain accurate
alignmént and registration of the final mosaicked electronic image and

resulting display.

Comple:i mechanical design problems exist, since angular motions of the
pickup cannot be simulated optically. Because the total field of view
comprises the fields of view from both objective systems, the rotation
of simple optical elements cannot simulate angular motion as is done in
present single objective systems, Electronic simulation of these motions
is ext‘;remely limited and imposes additional problems such as noise and
stability. Pitch, roll and yaw can be simulated by the rotation of the
entire pickup system about the entrance pupil. One such means of doing
this is shown in Figure 15 . The pickup systemiis mounted on three
ralls, the center of curvature of each being coincident with the common
entrance pupil point, Each attitude motion is servo controlled, The
entire gimbal system is mounted on a bridge assembly to move in X, Y,

and Z,
~76=
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FIGURE 15— CAMERA GIMBAL SCHEME
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The mechanical design must also permit system adjustments for alignment
purposesg, yet be capable of maintaining this final alignment during all
maneuvers, P;'ecautions such as para}lel driving of pickup and playback
tube deflection yokes; highly stable amplifiers 3 common regulated powr
supplies; and master as well as individual centering, trim, etec. controls
will aid in maintaining an electronically stable display.

~78-
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Vertical Optics

Anothar approé.ch to the problem of attaining an ultra-wide angle optical
pickup :anorporates a single objective lens and a multi-channel telev:Lsion
system, The ultra-wide angle objective (£ield of view in the vacinity

of 180 degrees) is oriented with its axis always perpendicular to the
terrain model datim, A number of pickup tubes and supplementary optics
are pqsitioned ab;mt the image surface of the objective system such that
each ‘l':ube receives data from only a portion of the total image. These
fields of view ov&rlap to insure continuity at the raster edges of each
pickup tube. Electronic correlation eliminates the overlap in the dis-
play field. The pickup is positioned to simulate altitude and plane-
metric location, Angular motions can be simulated by rotating the entire
pickup about the entrance pupil or by re-positioning the individual
pickup tube,

This technique appears to offer the least return in terms of procurement
dollar cost and operating complexity. Also if a dioptric lens system

or a catadioptric system having a first reflective convex surface is used,
the problem of an internal pupil immediately limits the optimization of
working distance, Catadioptric system with external pupils are, on the
other hand severely limited by angular motion and general data transfer

restrictions,

=79
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HRECOMMENDED OPTICAL DESIGN

Figure 16 1s éﬁ oi:t-icai schematic of the recommended design.

It consists of -:a r§fractive system with a 110 degree field of

view employing the inclined image plane concept and a means to

correct distortions.

The optical probe schematic embodies such features that if menu-
factured it would represent a significant state-of-the-art ad-
vancement in optical pickup devices. Two items of major sig-
nificance make ‘this probe unique. The probe operates at low
f/numbers (vappro:dmately £/6) and at the same time images high
resolution data over the full format of the pickup tube.

It should be noted that previous designs of optical probes depended
on "stopping" the lens down until 1ighting requirements became un-
wieldy or resolution losses too severe or both, Lighting requirements
actually posed a thermal problem requiring means to dissipate the
heat buildup before the models melted. The lenses were stopped

down in the region of £/20 to £/30 for vidicons and £/40 to £/60

for image orthicons. Even at these f/nog. the depth of field problem
existed, The resolut?.on limitations at these apertures sometimes
precluded even theoretically-perfect lens designs (diffraction limitéd
systems) from offering the desired resolution.

In complience with the specified goals of this program the optical
probe schmaﬁcally illustrated offers the following potentials:

1. An effective depth of field which is infinite. |

2. Maximum angular coverage without special pickup tubes or display

gystems =80
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3. A model working distance that will allow significantly—smal}er
model acales to be used

4o The full six degrees of freedom with minimum constraints on
real:lqtic angular motion requirements

Closeness of approach to the model with this system is appro:dmately

| -.050 to 060 inches. This 18 determined by the distance the entrance

pupil is from the model surface at closest approach. Since the
entrance pupil (center of perspective) is located inside the first
of a dual prism arrangement the closeness of approach is dependent
on the prism size needed for the desired entrance pupil diemeter end

:location. Depending on the type of vehicle to be simulated the

entrance pu;ﬁil would be located at model scale dimensions from the
center of Ygrav:i.tyb(pickup pitch axis).

8. Objective Lena’
| The objective lens is located just beyond the second prism.
It is a multi-element lens similar in design to a microscopic
objective lens. An eyepiece-type of lens might also be
applicable. Depending on the objective lema design, selected
corrections to the resultant image will have to be included

in the focusing and correction optics assemly.

b. Aperture Compepsation
Figure]7 illustrates the geometric relationships of the image-
forming process in the conventional manner. Aperture vignetting.

occurs in a symmetrical fashion and is a function of field angle.
‘ -82-
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In figure 17TBangle 72, represents the central unvignetted
cone of light forming an image on axis. Angles 7%, and 7.
are equal and less than 7, . They represent image-forming
cones of light which are angularly displaced the same mmount
from the o;lwtical axis, Linesr distance changes between the
entrance pupil and the object produce magnification changeé
which increase or decrease angles 7, , 7,, and 723 In the
conventional system the relative change of these cone angles
with respect to each other is generally negligible, ~ The
absolute change in these cone angles for various object
distances however, cannot be ignored-especially for close
object distances (model to lens working distances). The
importance of these relations is given by the following

formula:
tB Y,
E= S
4 (/0. Y2 (1+4m)°
where: B = illumination at the image plane (footcandles)
= transmission of the optical system (t'< 1)
B = object brightness  (footlamberts)

f/no, = relative aperture of the optical system

m magnification

As mentioned previously, conventional systems must employ
high f/nos. in order to gein depth of field. .This factor
coupled with the effects of magnification severly limit

the useful energy contributing to image formation.
4 ~8ly=
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Coupled with the energy losses are the limitations imposed on
resolution. Using the criterion of perfect image formation based
on diffraction 1limited performance the resolution of an optical

system (circular aperture} is given by the formula:

1
1.22 ), ( £/mo. )

Where: R = resolution ‘(1inos_per mm or lines per inch)

}\ = wavelength of light (mm or inches)

Figure 17A' represents the same geometric relationships (angles
of view, lens to model distance, etc.} as in figure 17B but now

the cohcept of the inclined image plane is used.

Aperture vignetting still occurs (generally this is a character-
istic of all optical systems) but the rotational symmetry of the
conventional system is only a special case under certain conditions
when the inclined image plane concept is used. In the inclined
image plane angles 7, and 7, are not equal. The inequality of
angles 7, and 7., does not remain constant but varies over a

wide renge. Dynamic compensation will have to be made for this
condition,

Although a penalty must be paid in vignetting compensation the
advantages gained by using the oblique image plane more than off=-
set these secondary effectsa, As illustrated in figures 17A and
17B the entrance pupils for the two systems are quite different in
size with the oblique system being approximately four times larger.

Referring to 'the equation - the illumination potential would
, -85
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increase approximately eleven times, The equation' yields a
fourfold increase :ln resolution, These advantages greatlyl
offset the difficulties of implementing the concept into
working hardware.

Focussix_:g

The focusing and optical path <_:o;°rection assembly performs

two basic functions, One function is to realign the optical |
axis to pass through the simulated vehicle contef‘of gravity . .
and the other is to provide a means of changing the objective

lens focus without moving any lenses. This is done as shown |

in Figure 16by moving two mirrors or -prisms laterally,

Despotation
The prism containing the entrance pupil rotates about the

pickup pitch axis. With this particular motion system
simulation of vehicle pitch must also employ the use of the
roll prism. As the pitch prism is rotated it induces an
apparent vehicle roll motion. Proper de-rotation by the
roll prism cancels this induced motion and yields pure ve-
hicle pitch. Pure roll is simulated by rotating the roll
prism (Pechan prism) about an axis parallel to the opticel
axis, Vehicle yaw (level flight) is accomplished by a
rotation about the }(’ or heading axis. Yaw simulation in
the presence of pitch requires rotatiom of the pitch prism,
the roll prism and the heading assembly. For heading changes

the lower assembly, including all components between the model

and the focusing and correction optica assembly, are rotated about

.
- ~86-




E-ID-15(7-6L)( 77-10)

REF: ENGINEERING PROCEDURE $.017

GER-12103 S/

the W axis.

Distortion Correction

In order to present a high quality image at the display end,

the recommended optical pickup must be corrected for two

inherent distortions. These are: (1) distortion arising from the
wide-field-of-view objective lens design; and (2) apparent dis-
tortion due to the inclined image plane concept. Both corrections
can be made in two major optical assemblies containing spheric and
aspheric elements., These elements are positioned for minimum
distortions through serﬁﬁ;cbntrolled inputs which automatically
vary with vehicle attitude and altitude. The two assemblies

view the inclined image plane and relay an undistorted and

sharply focused image onto the surface of the television photo-~

-87-
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k. EIECTROMECHANICAL DESIGN

a.

General

The optical pickup will require a servo system for each of the sim-
ulated vehicle attitude motions. In addition, servos will be needed

to iﬁplement focus, apertwre and distortion corrections. Total visual
system performance requires that the pickup also be moved (with respect
to model terrain) in x, y, and 2 to simulate vehicle lateral, longitudinal
and altitude motions, These latter three motions are performed by servos
essentially external to the pickup proper and hence are beyond the scope
of this study. |

The load requirements of the attitude servos have been determined and
desireé goals of system performance have been defined. The focus,aperture
and distartion correcting servos are well within the cwrrent state-of-

the art since stringent accuracy, rates and accelerations are not required
to perform these functions. Hence, the design feasibility of these servos

need not be considered in detail here.

3ince the visual effects of vehicle attitude changes will be simulated
by the optical pickup it is desirable that the servos be capable of
providing angular sccelerations, velocities and displacements character-
istic of a number of different vehicles, Also the tracking or positional
accuracy of each servo system mmst be held within limits such that pickup
pointing accuracy, with respect to ‘hheﬂcg?uter attitude command, will

meet system requiremeénts.
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The following performance characteristics' have been selected as
design goals for each of the attitude ;eno systens:

Maximum acceleration -~ 2 rad/sec?

Maximum velocity - 2 rad/sec

Displacement - continuocus

Positional trac?:ing accuracy - 2 - 3 minutes of aré
The load inertia that each servo must drive is given below,

b. System Description

The attitude servo systems are analog.using an-a¢ servo with dc com-
compensation networks. The accuracy requirements dictate that a Type IT
servo system be used; with this type system a positional errar between
input and ocutput occurs only during acceleration., The acceleration error
constant K; based on an effective dynamic error of 1.65 minutes (aee
Page 97) and acceleration of 2 rad/sec2 is equal to 4170 sec~2 ar 72 db.

A two speed synchro system is used to provide position feedback.

c. Roll Servo
Fig. 18is a block diagram of the roll servo. The inertial load for
this servo is a glass prism, whose approximate size is_'2 inches high,
1.5 inches wide, and 1.5 inches deep, mounted in a x;o;.iﬁion assembly.
Additional inertia is contributed by the fine and coarse synchre. The
total inertial load is calculated to be ;031 oz-in sec?, - The structural

effect of this load is negligible.

The total torque required to accelerate the load, overcome friction

and compensate for gearing efficiency was calculated to be .08l in-oz.
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A Kearfott CMO-0132-450 size eight, 26 vac, 4OO cps servo motor was
chosen, Its characteristics are listed below,

1. No load speed = 7000 rpm +7%.

2. Inertial time constant = ,005 gec

3. Stall torque = .3L in-oz +7%.

k., Rotor inertia = .18 gm cm2,

The motor transfer function of shaft position to applied motor term-
inal voltage: is 28 + The reflected load inertia is included

— ]
(e * 1)
in the lag function 1 o« The electrical time constant is omitted
S
Cak

because it occurs at least four octaves sbove the motor inertial time

constant and will have very little effect on the system dynamics. ‘The

calculated motor gain is 2 radians per sec per volt.

Because of the characteristics of the roll prism the image will roll
at a rate of twice the prism rate. Therefore, the gear ratio, based
on maximam velocity of 1 radian per second and a motor speed of 3500 !
rpm, is 366:1. The reflected load inertia to the output shaft of the

motor is less than the motor armature inertia.

to

(91 o

An integrator is needed to provide the additional integration

make the servo loop a type II loop. The integrator gain is L. The

lead compensation (-Sw + 1) in the feedback of this amplifier is for

S
loop stability. The lead-lag network( Iy * 1)cancels the effects of

()
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1
the motor lag y S , 4 ) .
(&
This lead-lag network, which has a gain of O.4li5S V/V, plus the lead
netqork in the feedback of the amplifier provide the proper phase

and gain margin required for a stable loop.

The data switch separates the fine and coarse synchro inputs. It has

a gain of O.4 v/v for the fine synchro imput and a gain of approximately
i v/y for the coarse synehre input. The gain of thé fine symchre input
signal to the data switch is 700 v/rad. |

The demodulator changes the ac noduhted carrier signal to dc. This
change is required fer the compensation netwerks. Compensation can

be achieved more easily at de than with the modulated carrier as signal.
The gain of the demodulater is spproximately 1 v/v.

The modulatcr changes the dc signal back to an ac signal. Itz output
is the input to the ac amplifier which drives the ac servo motor. The

gain of this amplifier, based on a Kg of L4170 sec"2, is 250 v/Ve

The open loop Bode diagram is shewn in Fig.1l9 . The measured gain and

phase margin from this disgram indicate a stable loop.

The closed loop Bode diagram Shown in Fig, 20 was obtained from the
open loop data and a Nichols chart, The diagram shows that the loop
has a bandwidth of 170,0 radians and a damping ratiol (zeta) of approx-

imately 0.5.
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_

The dup;ng ratio can be changed by varying the amplifier gain or by
additional compensation,
Yaw Servo
The same procedure and steps were carried out on the anticipated yaw
assembly of the optical pickup. The calculated moment of inertia |
based on the preliminary size and weights is 0.5 oz-in-sec2, It is
assumed that the compliance between the motor output shaft and the
load can be made large enough to mgloctk structural effects. The
block diagram is shown in Fig, 21 , The open loop, and closed loep
diagrams are ‘t.he same a8 those shomn in Fig. 19 and Fig,20 for the
roll investigation. The only items that ohange are the gear train,
the motor, the lead-lag compensation network, and the gain of the ac
amplifier, 'l'h. larger load inertia roqu:i:rea an increase in the gead
train ratio to h30-:\1. This change in gear ratio calls fa a moter
with a higher no-load speed of 10,000 rpm.’ A Baystrom BHh-ﬁ size 8
motor can be used. The transfer function of the motor plus the re~
flected inertla is ?31.8

S(m + 1 )

The lead-lag compensation network transfer function changes to,

3
2153 (m + 1). The ac amplifier gain would change from

&

207 v/v to 827 v/v; however, the change in gain of the lead-lag net-

work calls for a de amplification stage between the network and the

modulator to increase the signal level at this point. The gain of thie

amplifier is 4 v/v and therefore changes the ac amplifier gain require-

ments from 827 v/v to 207 v/v.
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Pitch Servo

The pitch servo load is a very small prism whose inertia may be neg-
lected. The loop will be basically the same as the roll servo loop
with the exception of a change in the gear ratio and ac amplifier gain
uﬁich is due to a change in maximum prism velocity from one radian per

second to two radians per second. "

For all practical purposes the compensation network could remain un-
changed since the change in the inertial time constant of the motor
armature and reflected load inertia would be very small.

The open and closed loop Bode diagrams would be the same as shown in
Fig.19%and Fig.20respectively.

Error Discussion ‘
The total angular error that can be present in the servo éystens dis-

cussed consists of two components, static errors and dynamic errors.

The static errers are caused by thé manufacturing tole;dmes and
friction present in the compbnents which are used in the system. Some
of these errors can be minimized butnone can be completely eliminated.

System alignment errors also fall into this category.

Dynamic errors will result in an angular misalignment between the ‘rof-
erence and the command in the servo system ﬁhemver there is a change
in the reference position, velocity, or acceleration. The magnitude '
of those errors depends on *bhe‘ type of servo system chosen. The type II
system discussed above permits dynamic positional error to occur only

during acceleration,
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The static errors considered applicable are synchro manufacturing

error, synchro gearing, synchro alignment, drift, noise, and friction,

In a size 8 synchro a nanufacturing error of five, seven ar ten minutes
of arc can be gxpected. However, by selectivity this error can be re-
duced to three minutes. The tihree minutes can be reduced further by
using a two-speed synchro system. A 31-to-1 gear ratio between the

fine and coarse synghro reduces the error‘ to %I x 3 or .097 minutes

or spproximately 0,1 iimute, At least 0.5 of a minute can be expected
in the synchro gearing even vith anti-backlash gears and another 0.5
minute for synchro aligmment. It is anticipated that drifg, noise,
and friction will contribute an additional 0.5 of a minute of arc.

The total error is based on the root sum square method. Therefore, the
total error is equal to the square root of the sum o{ the squares of the
static dynamic errors. The desired total error is 2 x?inute Yy defin-
ition. Thus maximum dynanic error allowable is about 1.65 minutes.

This dynamic error along with the maximum acceleration is used to cal=-

culate the system K.

Conclusions

Based on the above discussion it appears theoretically feasible to
design the pltch and yaw servo systems té meet the 2 minute accuracy
goal. The effective roll serve accuracy wlll be about 2.8 minutes, The
roll p{-:lsn introduces a’ two-to-one incrbaso in image rotation whieh in-
creases the effect of the static servo system errors, However, the « .

effective dynamic error can be maintained at 1.65 minutes.

oR
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5. TEIEVISION SYSTEM DESIGN

a.

General

The television equipment used in conjunction with the optical pickup de-
vice must be capable of providing a very high quality display in order to
maximize utilization of the optical p.’q.ckup capabilities, In addition to
high performance it is desirable that the television equipment be of com-
pact design and capable of reliable operation under dynamic conditions
such as associated with a moving bridge assembly (camera) or cockpit
motion system (display device), |

The camera system could employ either a vidicon or an image orthicon to
obtain the resolution given below (part P_.) hence other system considera~-
tions must be used, including the availabllity of high resolution equip-.
ment, to determine which tube type to employ. The image orthicon (IO0)

is considerably more sensitive than the vidicon and has a lower lag char-
acteristic. However, the signal to noise ratio is lower than that asso=-
clated with a vidicon, The signal to noise ratio is determined by the
image orthicon itself while external circuitry limits the vidicon, Also,
the image orthicon is much larger than the vidicon and is somewhat limited
in operating orientation hence requiring a larger mechanical design,
higher power requirements and limited operating position. The vidicon
image format is smaller, which is an advantage as far as thé optical
design is concerned. Equipment availability (See appendix H) indicates
that industry has employed the vidicon tube more extensively in high

quality television systems.
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It is recommended,in light of the above, that a 1-1/2 inch vidicon camera
be used. Better center to edge resolution can be obtained with a 1-1/2 inch
vidicon and operating adjustments are less ‘_critical as compared to a one-
inch vidicon. A television monitor is ;iso recommended as a means of
displaying the imagery si;ce presently available monitors offer higher
picture qualfty capabiligiq_g than current ﬁrojection systems,
Minimm System Requirements :
The television system should have the following minimum performance char-
acteristics : : . S e

1, Vertical resolution of 800:televisién lines

2. Horizontal resdlution of 1000 television lines center,

700 telsvision lines corner. L:3 aspect ratio

3, Ten shades of gray distinguishable

L. Vertical and horizontal scan linearity of *l percent on axis.

5. BRaster or geomeiric distertion of +2 percent.

6, Signal to noise ratio goal of hO db,
The camera-control should include the following features:

1., High peaker circult

2. Aperture correction

3, Automatic-or-mamual target-control circuit

k. Keyed clamp circuit

5. Sweep protection

6. Varisble gamma correction

7. Peak white clipper circuit
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ce Special Considerations

In order to imp;ove overall television system performance consideration
should be given to the possibility of incorporating special circuitry
such as vertical aperture correction (to improve vertical resolution)

and lag reduction circuitry (to improve dynamic response).

Also the possibility exists for some image distortion correction to be
incorporated into the television system. This correction would be per-
formed by introducing nonlinearities into the sweep circuits., This type
of correction would preferably be performed in the display device in order
to minimize the effects on the display quality.

The magnitude of the distortion correction obtained by this means will
necessarily be quite limited because of the electronic problems associated

with the very high scanning rates,
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1.

SECTION V -~ FUTURE PROSPECTS
HOLOGRAPHY
Information-storage problems invariably have been a majer consideration in
simulation devices. Relief models in particular have offered the most
straighj;fm'ﬁard means of data sterage and retrieval in visual displays of
large landmasses. Phis, in turn, has led to large models because of scale-
factor considerations. Problems are further compounded by the requirements
for servosystems, medel illumination, support and drive structures, and space

facilities to house the complete system equipment.

Recent technological advances have brought about means of storing three-
dimensidn information in great detall on a single transparency. 'The pchess,
called holography, employs physical eptics technology and coherent light. The
two dimensional transparency (hologram) is a recording of the frequency and
phasé relationships of light waves reflected from a three-dimensional object
illuminated by & ccherent source. Visually, the hologram itself is unintell-
igible data. A playback system similar to that which creates the hglogran |
yields an aerial image in three dimensions.
This technique has three principal advantages:

1, The transparency size is not directly related to data stored; i.e.,

- a small plece can be cut out of the hologram, and the complete scene
still will be reproduced. This is because information from a point
on the object is spread over the complete h.ologram. Conversely, each
point on the hologram records data from every point of the illuminated

object.
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2. Resolution in the image is inherently high., The image does not
suffer abberation problems encountered by optical systems.
3. It is possible to change the image size without appreciable loss
of resolution.
Two approaches for implementing this technology are presently considered.
An optical pickup device could be used without restrictions on simulated
scaled altitude due to entrance pupil diameter. It also appears feasible
to combine fss-iransparency systems with k}olography to introduce three-
dimensional data.

GAC is currently pursuing analytical and empirical studies of various co-
herent optical techniques to be used for visual-simulation data generation
and processing. This work is being funded under an in-house development

program and will employ a continucus-wave gas laser,
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2.

COMPONENTS

&. Television Pickup Tube Improvements

The Plumbicon and SEC vidicon appear to offer considerable develop-
mental potential for improved television performance. The Plumbicon
(vidicon type tube) has a very low lag characteristic and somewhat
higher sensitivity than the vidicon. At iﬁéppggsent time available
one inch Plumbicons are limited to 700 - 800 TV Iines of resolution.
However, development of 1-1/2 inch or larger tubes would increase the
resolution capabilitles thus permitting its use in high resolution
systems and the realization of the lmportant advantages of increased
sensitivity, and particularly the improved dynamic response due to
the low lag characteristic, Development work is currently progress-
ing toward this end.

The SEC vidicon also has a low lag characteristic as well as several
hundred times the sensitivity of the vidieon; however, presently
available tubes, which employ magnetic deflection and focusing, are
limited in resolution to 700 - 800 TV lines and are physically large.
An electrostatic laboratory version of the tube however, consiéerably
reduces its physical size., Theoretical resolution capability of the
SEC target is on the order of 2000 TV lines or better; hence it can be
expected that much higher resclution will be attainable from future
tubes. This improved tube would generate high resolution, low lag
television displays with very loﬁ (compared to a vidicon) photocathode
illumination, Both the SEC vidicon and the Plumbicon have good signal-

to-noise ratios,
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The focus projection and scanning (FPS) vidicons by GE reduce the
phyaicai size (shorter tube envelope) and operating power of pickup
tubes while maintaining good resolution., Present tubes have a cap-
ability of 600 TV lines; however, future tubes will probably have
increased resolution. Physically smaller high resolution TV cameras
requiring less power could result from further spplication 6f this

concept,
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APPENDIX A - AREAS OF PRIMARY INVESTIGATION

“‘,‘,‘ {',;“,;..“ !
é

A. OPti.e! I
1, Wide Argle Optical Systems
~.1el Refractive ]sntuu

l.1,1 Wide Angle Objectiive Lenses .
(Field of View £ 120°)

1,1,2 Ultra-Wide Angle Objective Lenses
2Field of View > 120°)

l.1l.3 Multiple Objective Lenses
1.2 Refleoctive Systems
1.3 Catadioptrie Systems
2, Depth of Field Prollems

2,1 Oblique Optics System
2.2 Multiple Pickup Tube System
B. Electronics
1, Television Pickup Tubes

2, Other Techhiques

Ce Integrated Systems
D. B8ystems Evaluation
l. Depth of Field Limitations

2, Field of View Limitations

3. Six Dg_grée of Freedom Limitations

4, Integrated System Performance
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APPENDIX B - TEXT OF SURVEY LETTER

Goodyear Aerospace Corporation (GAC) is currently conducting, for the

National Aeronautics and Space Administration (NASA), Marshall Space

Flight Center, a study of wide angle optical systems for use in visual

simalations.

An initial task of this contract, NAS 8-11775, is to survey the present

state of the art and impending developments. This is to be a two-part

task consisting of: (1) queries to industry, research organizations and

government agencles; and (2) visits to selected respondents' facilitles

for further informatiom.

As an organization having interest in the field of visual simulation

or related fields, your facility has been selected as a possible source

of pertinent information. You are invited to submit information pertaining

to concepts, designs, subsystems or components which may be directly applicable

to:

1. Optically generated wide angle visual simulation imagery (from terrain
or other models) having infinite depth of field for all situations
down to extremely small object distances.

2. Imagery generated from other than three dimensional terrain model
storage, having either or both of the specific qualities (1arge

angular field and infinite depth of field) cited in (1).

B-1
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22,

23,

2k,
25,
26,
27,

APPENDIX .C' i~ "SURVEY -LETTER RECIPIENTS

Name

Aeronautiocal Chard & Information

Center
Aero Serviee Corporation
Asrospase Corporation
Ameriean Car and Foundry
Aneriean Optisal Company
ASD, Wrigh% Pavterson AFB
Kastin Company
Bausch & Lomb
Bell Asrosysbems
Boeing Company

Celeo~Constantine Engrg. Labs

Dage Elestrie Co,, Ine,

Dalto Eleetronies Corp,

Dumon$ Laboratories

Eastaan Kodak _

El{dophor-CIBA-Pharmaseutical
Produets Ine,

Elgeed Optieal Co,, Ine,

Engineering & Researsh Corp,

Farrand m‘.@al Bo.

Ferson Optics '

General Dynamie s/Astronautles»

/Elestronies

General Elestrie Company

Goneral Preeision Ing,

Orumman Adroraft Corporation
Hughes Aircrafs Co,

IBM Spaee (Genter

Institute of Opties

* Reply Reoeived

Loeations

%, Louis, Missouris
Philadelphia, Penna.#
Los Angeles, Calif.#
Riverdale, Md.#
Httshlgh, Pa,
Dayton, Chio

New York, N.Y,
xoeh.“”’ N.Y.
Buffalo, N.Y, -
Wichiba, Kansiss
Seattle, Washington
Mahwah, New Jersey
Franklin, Indiana
Norwood, New Jerseys
Clifeon, New Jersey
Rochester, N,Y,#

Summis, New Jersey
Rochester, N.Y,»
Riverdale, Md,

Noew York, N.Y.#
Osean Springs, Miss.»
San Diego, Calif,
San Diego, Calif,
Fors worsh, Texas
Groton, Conn,#
Syraeuse, New York
Utica, New York
Decatur, Illinois
Little Falls, N.J.
Morton Grove, Ill,
Bethpage, L.I.’ N.Y,
Fullerton, Calif.#
Owego, New Yorks
Rochester, New York

6-1
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Ko,

28,
29,

.
a.
32,
33,
3k,
%,
36.
3,
38,

39.
Lo,

ka,

h3.

L5,

hé,
L7

48,
L9.
50.
51,
52,

Sodtic L [

Ling-Temeo-Vought :
Link - Division General
Freeision, Ime,
Litton Indushries
Marquards Cerporation
Pomona Division
MeDonnell Airerafd Corporation
Melpar Insorporated
MiD-Ressareh & Developmens Corp.
Mosorola Insorporated ’

NASA-Manned Spaceerafs Center

Nab'l, Selemtifie Laboratory Ime,

North Ameriean Aviation
Paeifie Optieal Co.

Perkin-Elmer

Phileo Corparation
Radio Corporation of Amerisa

Refleebone ‘
Researeh & Technology Div,
Alr Foree Systems Command
Rheem Manufasturing Company
Defense Prod, Division
Scanoptie Imecrporated
Sylwania Elestronies Corp,

Tropel Incorporatéd
University of Illinois

.US Naval Training Deviees Center

H. A. Wagner Company
Westinghouse Eleetrie Corp.

* Reply B.eee!.vad.

—sim—

-Loeations
Dallas, Texas

B‘.n‘hmton, N.i. A
San Carlos, Calif.

Pomona, Calif,#
8‘. LO“B, Ho.
Falls, Chureh, Va,
Englewood Bl“f', Nl
Chieago, Illimois
Seotbadale, Arisoma
Hoaston, Texas
Washingson, D,C.#
Los Angeles, Calif,
Downey, Californias
Inglewood, Talif,»
Norwalk, Conneetdeut
Lansdale, Pa,
Camden, N.J,
Hmsm’ N.J.
Prinseton, N.J.
Stamford, Conn,

Dayton, Ohio

Downey, California
Woodside, New York:
Buffalo, N,Y,#
Emporium, Penna,i#
Seneea Falls, N,Y,
Falrpors, New York
Urbana, Illinois

Pors Washington, N,Y¥
Van Nuys, Calif,
Pitssburgh, Pa,
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1.

2.

3.

7.

9o

10.

I

APPENDIX D ~ COMPUTER AND IN-HOUSE SEARCH LITERATURE

Physical and Technical Problems in the Development of TV Camera Tubes, NASA
Document No. N6L-31330, September 196l

Feasibility for Research Application of Visual Attachments for Dynamic Flight
Simulators, Report No, 1 State-of-the-Art-Survey of the Visual Simulation
Industry, Human Sciences Research Incorporated Report No, HR-RR-62/7-Mk-X,
July 1962, ‘

Space Flight Visual Simulation Systems, Volume 16, Part 2 of Advances in
Astronautical Sciences, The American Astronautical Society, Septemberrl963.‘
Feasibility Study Wide Angle Television Display, General Electric Report No.
BS6-E1S-7l, November 1956, |

Final Report, Design Study, UFS-2, NASA Document No, N63-1580L, September 1962,
Basic Development Accomplished on Wide-Angle Non-Programmed Visual Presenta-
tions, Volume I, Technical Report NAVTRADEVCEN LOL, April 1959,

Bagic Development Accomplished on Wide-Angle Non-Programmed Visual Presenta-

tions, Volume II, Technical Report NAVTRADEVCEN LOL, April 1959.

. A Study of Visual Simulation Techniques for Astronaﬁtical Flight Training,

WADD Technical Report No, 60-756, March 1961,

Investigation of 360-degree Nonprogrammed Visual Presentation, DDC Document
No. AD-291L468, June 1962,

ATAA/NASA Third Manned Space Flight Meeting, AIAA Publications No, CP-10,
November 196k,

Pilot's Control of Lifting Body S:L.mulation, Aviation Week and Space Tech-

196l
nology, L May 196l b1
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13.

15,

16,
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18,

19,

20,

21,

22,

23.

2.

Langley Simulators Perform Visual Tasks, Aviation Week and Space Technology,
13 April 196k,

All-Weather TV Display Adds Realism to Simmlated Landings, Control Engineering,
February 1963, '

Minimizing The Effects of Vidicon Lag with a Long Video Delay Line, IHE
Transactions on Broadcasting, Vol, PGBC - 7 August 1961,

Secondary Electron Conduction (SEC) For Signal Amplification and Storage in
Camera Tubes, Proceedings of the IEEE, September 196k,

The Plumbicon, A New Television Camera Tube, Philips Technical Review,

Volume 25, 1963/6kL. ‘

Development of Visual Simulation Techniques for Astronautical Flight Training
Vol. I, Tech, Documentary Report No. AMRL-TDR-63-5l.

Development of Visual Simulation Techniques for Astronautical Flight Training
Vol, II, Tech, Documentary Report No., AMRL-TDR-63-5l,

A Survey of Simulators used as Tools for Research, Design and Deve lopment,
Aerospace Information Report AIR779, 20 June 196k,

Omnirama Lens System for Dynamic Simulation of Visual Perspective, Technical
Note 617-633, September 1963,

Boeing Space Flight Simulator, Brochure

Low-Altitude, High-Speed Visual Acquisition of Tactical and Strategic Ground
Targets - Part 1, D6-2385-1, August 196k.

Langley Hesearch Center Simulation Facilities for Manned Space Missions,
April 1963.

Discussion of Existing and Planned Simulators for Space Research, August 196l,
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25, sijulation Envirament, Tech. Facilities Mamal, Volume ITI, NAFEC, April 1965,

26, GPS Visual Flight Attachments for Flight Simulaters, General Spec SD/th/S |
Issues 1, October 196L.

27, Theory and Operation of Step-Servo Motors, EDN Design Data, July 1963.

28, AC & DC Servomotors, Systems Designer Handbook, January 1965. \

29. Final Report, Automobile Simmlator Feasibility Study. Cornell Aeronautical

Laboratory, Buffalo, N.Y., November 1958,
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3,033,082 (U.s.),
3,039,360 (U.s,),
3,030,857 (v.s.),
2,947,219 (U.S.),
2,579,177 (U.S.),
2,979,832 (u.s.),
2,591,752 (U.8.),
3,076,271 (U.S.),
3,052,753 (v.8.),
3,072,875 (U.8.),
3,015,988 (U.S.),

APFENDIX E - BELATED PATENTS

Inverted Telephoto Objectives, May 1962

Lens With lienote Entrance Pupil, June 1962

Image Rotating Optical System, April 1962

Wide Angle Objective Lens, August 1960

'6;51-.1“1 Projection Apparatus, December 1951

Visual Simulator For Flight Training Device, April 1961
Flight Trainer, April 1952 |

Flight Training and Evaluating Equipment, February 1963
Image Projection Apparatus, September 1962

Method and Means For Correcting Parallax

Perspective Alteration Means, Jamuary 1962
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APPENDIX F - PEELIMINARY SPECIFICATION, ADVANCED OPTICAL PICKUP SYSTRMS

e

1. SCOFE

1.1 This document defines requirements for a family of unprogrammed real time
visual simulation optical pickup systems which will provide imagery of ex~
treme field and depth of field at minimum working distances.

2. PURPOSE

2.1 Thesq‘ optical pickup systems shall be movable under computer control relative
to an object surfade in such a mar'iner as to provide a continuous view which
will be analogous to that seen from a spacecraft or aircraft underg ing sixe

degree-of-freedan maneuvers,

3. REQUIREMENTS

3.1 Components - The optical pickup shall consist of the following major compo-

nentss
Item Nomenclature Reference Paragraph
1l Objective lLens System 36561
2 Compensation System 34562
3 Angular Motion System 3.5.3
N Interface & Control System 3.5.4

3.2 Selection of specifications and standards - specification and standards shall
be selected in accordance with good government and commercial practice as
reflected in comparable systems of recent manufacture. Final selection s;'hall
be based upon review by the procuring agency of contractor preliminary def.ail

design layouts and supporting technical data, 2
)5
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3+3 A major objective shall be the attainment of a design which provides self-
compensation and inherent automation so as to permit the maximum degree of
utilization with existing visual simulation gy stem designs, These inherent .
qualities shall be such as to minimize the need for additional computation or
special signal processing,exterior to the optical pickup/visual system inter-
face,

3¢3¢1 Design of the pickup shall be such that overall site and weight shall be kept
to a minimum compatible with functional requirements,

3.3.2 Visual interface - The pickup shall terminate in an adapter assembly which
shall permit attachment to the majoriﬁy of comparable visual simulator
translational systems by a minimum of modification to the latter,

3.3.3.Covera‘- Dust and safety covers shall be grovidnd for mecharical gear ase
semblies where dust or other foreign matter would degrade the operation of
the system,

3+3.4 Calibration and aligmment - The following calibration and alignment provi-
sions shall be incorporated in the system design,

a, Means to accurately establish known input conditions (command signals)
to the system,

b. Means to establish and verify the physical location of the system entrance
pupil or look point relative to a viewed surfacey and the pointing direction
(in three-dimensional space) of the system optical axis in termms of vis-
ually-indicated angular motion axes settings,

C. Means to accurately pre-set, by mechanical and/or electrical control, any

desired optical-axis pointing direction.
Fe?
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3.3.5 Interlocks - Protective interlocks with an override capability shall be
provided on the angular motion system. Provision shall be made to trans-
mit a signal to the altitude motion system of a visual simulator with which
the optical pickup 1s used, in order to freeze or reverse vertical motion
in case of impending hazard to the pickup or viewed surface.

3.3,6 Human factors requirements - The following human factors :\'equimqmgts shall
be incorporatoé;l int-o the dgsign. ,

3.3.6.1 Safety p‘roviaions - The ayéteﬁ shall provide maximum prot‘eotion from
electrical and mechanical hagards to operating and mintehance personnel,

3.3.6.2 Maintenance -~ The system shall be designed to permit ready access to all
functiocnal subassemblies for maintenance and calibration purposes.

3:3.7 Drawings -~ The contractor shall providg preliminary functional léhlutio.
and layout drawings for approval of th§ procuring agency prior to manue-
facture of the hardware. Final drawings shall be submitted at the time
of formal acceptance.

3.4 Performance - The optical pickup shall operate as specified herein through-
out ambient room temperatures ranging fram +16° to +38°C. This may be
accanplished either by maintaining camponent performance through the
temperature range or by proper air conditioning of the units. The
optical pickup shall withstand temperaﬁures, while nonoperable, of -4O°
to +55°C for long periods §f time without sustaining permanent damage

to components,
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3.5

305.1.1

3'5.1.2

3.5.1.3

3.5.2

Component description - Optical pickup system components shall function
in the manners and with the accuracies and tolerances specified in the
following paragraphs,

Ob;)ective lens system - An objective lens system shall be used which shall
provide a constant field of view of 100 or more degrees. The lens system
shall consist of existing or special n‘mlti-.element designs,

Entrance pupil - The location of the cbjective lsns system entrance pupil
shail be optimized to permit minimum warking distances in relation to

the viewed surface,

Aperture ratio - The objective lens system 'shall be designed to operate
in conjunction with the rest of the optical pickup such that resulting
aperture ratios (f/nos.) shall be at all times optimized in terms of
depth of fleld and television pickup tube illumination requirements.
Minimum aperture ratios shall be no larger than £/10,

Resolution - Resolution ghall be maxin}ized to obtain the lsast possible
degrading effect on the performance of any visual simulation system with
which the optical pickup may be used,

Compensation system - A compensation system shall be provided which shall,
through the use of electrically controlled mechanical linkages, mini-
mize the effects on the final system imagery of all distortions, aberra=
tions and other fixed and variable phenomena inherent in the selected

objective lens system design.

F-ly
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3.5.2.1 Final imagery - The final imagery shall be a scaled analog of inageﬁ
which would be generated by a rectalinearly-propagating optical system
having the performance specified in paragraph 3.5.1. The imagery shall
be such as to be readily focusable on the photocathode of a closed cip-
cuit television camera pickup tube for transformation and routing to an
electronic display srstem which is cap:able of reconstructing the per-
spective gemetry of’ the onectivo leng system fleld of vlew,

3.5.2.1,1 Masking - Means shall b; provided to effectively vary the format of
the final imagery to accommodate variops aspect ratios used or duiroq!:l
in existing visual simulation systems. Fomat changes shall be ac- |
complished in a simple, direct manner as by replacement of masking
apertures,

3.5.2.1.2 Format size - Format size of the final imagery shall be fixed. The
contractor shall recommend a format size in keeping with the current
state of the t.elevislion camera pickup tube art and with conside;'atiox} for
the tube sizes in current use in existing visual simulation systems. The
contractor shall inv‘eatigate the feaslibility of providing an optical
pickup design which wlll provide readily changeabls format sigzes.

3.5.2.2 Apertufe effects - The effects of the aperture on image illumination
shall be optimized through the operating range of the pickup. Aperture
size shall be closely controlled to assure maximum depth of field while

maintaining adequate light levels at the final imagery plane,
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3.5.2.3 Distortion - Optical msans shall be employed to remove distortions due
to the type of objective lens used, and also those resulj:ing from any
special methods of pickup system optimization, including both optical
and mechanical performncg considerat'iona; |

3.5.3 Angular motioﬁ system - ‘I‘ile angular mt?tion system shall recreates the

| variations in geometric perspective of the pilot or observer due to
vehicle attitude changes, The angulax!' motion system shall opez;ate in
canjunction with the rest of the optic;al plickup to permit wlide variations
in the position of the lookpoint relative to the simulated vehicle center
of gravity. v |

3.5.3.1 Motion servos - The threes wvehicle attitude motions shall be computer
cormanded via servo-controlled mechanical linkagqs. The servos shall be
high precision types which will provilde the following performance as a

design objective:

a., Maximum acceleration 2 radians/sec2
b. Maximum velocity 2 radians/sec
c. Displacement Continmuous

d. Positional tracking accuracy 2«3 minutes of arc

3.5.3.2 System pointing accuracy - Angular motion system pointing accuracy shall be
better than five minutes of arc as a design objective,

3.5.3.3 Lookpoint stability - The entrance pupil location shall represent the
lookpoint of the simulated vehicle occupant and shall be maintained at
a point in space which s;mll not vary by any detectable amount as a result
of optical pickup system angular motion. The criterion for detecta-
bility s{xall be the presence or absence of apparent changes in simulated

altitude or slant ranges- resulting solely from pickup angular motion
F=6
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3.5.k

3.5.h.1

3050!‘.2

3e5.h.3

3e.5.h.h

system operation. This criterion shall be tested by examination of a
geametrical ly-correct display of selected object informtion viewed by
the optical pickup. The optical pickup shall be tested in the absence
of translational motion. The contractor shall perform a preliminary
analysis to determine acceptable quantitative values of 1ookpbint
variat:’.on, and define met.‘fxoda fqr aocprate]v measuring the performance
of the ‘delivered system, » |

Interface and control system - The iﬁjberface and control system shall
operate in c;:)unction with the rest of %he optical pickup to accept
camputer or locally-generated command. signals.

Local control - An optical pickup control panel shall be provided with
slewing' switches which shgll be usablg for locking cut computer-generated
command information and rl;-positioniné ‘the attitude motion axes for cali-
bratio:lx and main’c,:ena.nc\e\ p@oses. Slewing rates shall be pre-set to pro-

vide two effective rotational welocities. A coarse rate shall provide

rapid motion, A fine rate shall permit very precise alignment to achieve

any desired optical axis pointing direction, The panel shall be lo-
catable up to 10 feet from the pickup.

Readout - A display shall be provided to indicate precise instantaneous
coordinate values 6n each of the three angular motion system axes,
Separa‘g,e operation - Appropriate power snpf:lies s interlocks and controls

shall be provided to permit operation of the optical pickup system in

complete isolation from the other portions of a visual simulation system,

Backs and cabinets - Standard electronic racks and cabinets shall be pro-

N

vided to house power supplies, servo amplifiex:; and related equipment

in a location up to 10 feet from the optical pickup, P-7
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3.5.5

3.5.6

k.
b1l

k.2

k.3

L.k

Radio frequency interference - Filter netwérks, shielding and other re-
quired means shall be employed to minimize the propagation of system-
gengrated radio frequency intafference to ﬁdjacent sensitive electronic
equipme:nt such as t.elovis:}.on, servomechanism or calibration and mainte-

nance test equipment,

Crew compartment motion compatibility kit - The compatibility kit for

simulators with cockpit motion shall ;.nclude components and circuitry.
necessary to compute difference bank énd difference pitch angles as -
camera or optics inputs. These difference angles shall be equal to the

simulator computed angles minus the actual cockpit motion angles.

QUALITY ASSURANCE

Resp.onsibility - The contractor is responsible for the performance of
all inspection requirements as specified herein., The contractor may
ntilizé his own or any other inspection facilities and services accepta-
ble to the procur:fmg agency. Inspactiop #‘e’cords‘o.f the examination and
tests shall be kept complete and available as specified in the comtract
or order, ' !

Classification of tests - The inspection and testing of the optical
pickup shall consist of acceptance tests. |

Test conditions -~ The acceptance tests sﬁall be conducted under opera=-

tional atmospheric conditions as specified in paragraph 3.4

' Acceptance tests - Each optical pickup shall be subjected to the folw
__lowing: |

a., Visual examination of product
b, Optical, electrical and mschanical performance F-8
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h.S

5e
5.1

~ Contractor-prepared test outline - The contractor shall prepare a tsst

outline whiclh shall define detailed procedurea whereby the compliance
of‘the delivered optical pickup with the requirements of this specifica~
tion may be quantitatively and qualitaiively verified, /
PREPABATION FOR DELIVEEY |

Preservétion and packaging - The contractor shall submit to the procuring
agency fo;' approval a detalled plan for ‘preservation and packaging of

the complete optical pickup system, It is recommended that this lsha.l'l.
include layout sketches of a special container for the optical pickup

assembly proper,
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APPENDIX G - OBLIQUE OPTICS, MATHEMATICAL DESCRIPTION

The following is a general mathematical descriptioﬁ of oblique optics based on
first order thqory. The following is a 1list of the parameters involved,together
with their description, The coordinate system has been chosen so that the x axis
is;co-linear with the opticel exis, and the y axisfperpendicular to it at the

entrance pupil of the lems. (Refer to Figure 1 .)

h
»

height of lens above object plane

depression angle of optical axis

8 = instantaneous look angle

T = angle between inclined image plane and optical axis
P = focal length of lens

Rg = slant range

. Rg = ground range
8 = object distance for which lens is sharply focused i
m = magnification = image distance/object distance =

image height/object height

Basic Geometry
The lines extended from the image plane, object plane and nodal plane of the lens

intersect at a common point for a finite set of conjugates as shown in Figure 4 .
The following proof of this statement - although not unique to this program - is

presented here for the sake of completeness.

G-1
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The point si on the image plane is given by:

1 =21 4 1
F s ] X
X = nr

X;-F

Y3 = mIy = o § 53 =0
I

T

The point sé'Zn the image plane is similarly found.

= X» F

X, = 22
2 a—
Xp-F

The equation of the line formed by s 85 1s found from:
xX-x =3 -§
2y

XZ-xl

In the coordinate system being used (see figure‘i-),

Then:

x+tn =3y
X-X2 24

~Y5(x + X3)
X - X3

y:

At the y intercept,

y= K1
n-1%n

(1)

(2)

(3)

(4)

(5)

(6)

(7)

G-3
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Likewise, the equation of the line formed by s{,8'5 is found from equation (5)

with the x and y values given in equations(y) through (4).

x = MF_
4F = y(X,F)

X(X,-F) - XF

m—

X) Xy-X,F-X F+F?

t

X(X)F)-XF  GEKF-XFF2 y(X,F)

2
X,-F F2(Xy-X,) . FY,

y = ZFEF) [ XXX F-XFF2] X 782 [ XXX F-x Fer?]
F2(X3=X5) (X X=X F =X F+F2)

y = x_Yg(Xl—F)-XleF
F(X1-X5) ’ (8)

At the Y intercept, x = 0 and

'(‘X"l' "X-z—) (9)

-4
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Equations (9) and (7) equal and s(0,Y) = s'(o,Y) and the line s

the y axis at the same point as does the line 8163.

Location of Imape Plane
The gendral equation of a straight 1ine can bs expressed as:

y=mx+b,

and from equation (8),

L Yo (X F) -
F(X1-X,)
Now from Figure 1 ,
Y
2 = tan I
1 (Xl - xz)

%__ " sk xl ) sin®

Thent
g e 1 h -F)
i g m g tan® ( siny
o8 _Ll gind (b -F etup
| é ? M= Zosy ( sin¥ )
11
E 3 m a( h - F sinD)
I8 F cos¥® (10)

| and
b= - tan p
sind
! b=- h (11)
! cos ¥

15'2 intersects

G-§
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Then Eq. (8) becomes, in the x-y coordinate system,

(h-F sin )y~ h .
y=X' F cos? cos ¥

The equation of the image plane in the

y'x' system may be found from
X! =xcosf + ysin€
y' =ycos§ - x sin¢
Now

§=-0 and sinC¥) = - sinh
cosé¥) =  cosM

Then (13) becomes

x' =xcos¥ -y sin)

Y' =ycos¥ + x sin)

At s!', y = 0 and from (12), = hF
1 17 ey %
x'_ = _hF cos¥
1 h=F sin
- hF sin)"-
1 h-F sin
At s' , x = 0 and from (12) y = -.h » and
cos I
x'2 =h tan &
Y'o2=-nh

(12)

(13)

(14)

(15)

(16)

e
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Using (5), the equation of a line,

x! - —AFcos X y _ _hF sin ¥
h-F sin - 4 h-F sin ¥'
hF cos ¥ —p - bEsin®
htan ¥ -\ ~—F stay h - F sin ¥
! = x1¢ R COS ¥ _ hF (17
v'Ex (e sinp ) F-nh sin B )

Image Plane Orientation
The angle at which the oblique image plane intersects the x-axis (optical

axis of lens) is defined as 7T

tan T = -¥-—- ¢
L
Now
sll = Si F
Sy ~F
Y« _h
cos ¥
K] )
and
tanT = h(sy - F)
siF cos !
81 = h/sin
tanq = D =F sin® (18)
F cos ‘

6-7
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It should be noted that the plane of zero distbrtion is 90° to the optical
axis so that tanT =° . This occurs if ¥ = 90°, which is expected. It
should .also bé noted ‘that tan: T is lé.:ge if h is'greater than F or if »

is large. Eq. (18) can be normalized by defining % = Q. Then

~ -sin
tanT = 90—58—;?‘— (19)

Figure 2 is a graph of v vs ' for particular Q values. If~ is to be large
(F sv«Z ) thenh2 2F,

Distortion ‘ .
Where longitudinal magnification is not equal to unity,

distortion is inherent in the inclined image plane concept. That is, the
image of the model surface focused on the incliﬁed image plane does not meet
the standard definition of a distortionless image, The following is an
analysis of this distertion,

Define R as the ratio of x (axial distance from lens to any intersection
point on the image plane) to x, (the distance from the lens to the point at
which the image plane crosses the x axis), The point x, determines the lo-
cation along the x axis at which the plane of zero distortion is located,
From Eq, (12): 2

h-F sin i h
y=Xx (Fcosv )-0037\

¥ =x tanw
h + F sinp h
x(tanw - F cosn = = cos¥
i} h F
h - F siny-F cos » tanw Figure 3§
hF
Yo" h-Fsiny
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3.2

X h«F sin
R,- X, ° h-F sind -F cos) tanw : (20)

Since O <R<oo must hold for a real image, h has an upper bound of h > F
sin® + F cos ! tanw and a lower bound of h> F sinn .

Equation (20) may be simplified by expressing h in terms of F. Let
h = Q F. Thcn,

Q - sin )
B= Qesind - cos» tanw (21) .

The boundry conditions become
Q > sin} (for -w )
and

Q> sinh + cos ¥ tanw (for +w )

Figure 4 shows the plot of Q vs I for particular values ofw « The curves
define the minimum value of Q for given values of Y andw for which R =c0 .

Q must be greater than qn:l.n in order to have a correctable system,

Percent Distortion
The magnitude of the perspective distortion is {aest presented in temms of 4.

Define # Am as the percent of distortion. Then,

$am=s 2"% 100 ' (22)
Xo

From Eq. (12) and Pigure 3 ,

h - F Si.n“ ) - h
F cos ) ~ cos

y=x(

G-/0
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Yy =x tanw
h -F gin) h
x ( tanw - ( 5 o )=~ cosp
hF

X® h-F sin¥® -F cos ¥ tan®

_ hF
© h-F sin?
hF _ __hF
h~P sin 0 h-F gin¥ -F cos )
£An = h F ‘ x 100
h -F sinp
F cos ¥ tangy
#AT= " oosn tanw + Feing b X 10 (23)

Eq. (23) may also be normalized by defining Q = % « Then,

+cos ' tan¢w x 100
fAR="C0s P tanw + siny -Q (2k)

Note that A m =0 if ) = ‘-g-' vhich represents conwventional optics.

%A mis small if Q 4s large (b» F) and w small, as might be expected.

Figures 5 and 6 are plots of $ A m vs w for particular values of Q=1,
2, 3, and 4 and &'= 0° and 45°,

Depth of Field

The primafy advantage of the inclined imgge plane system is an effectively
infinite depth of field, However, this infinite depth of field is insured
by the foregoing equations only in the piane of the object surface. If a

three-dimensional terrain mo&el is used, there is a limit on the height of
terrain which will be within t:his depth of fie'ld. The following discussion

!
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‘analyzes the depth of fileld and the improvements which can be made to optimige

focusing in the height dimension,

Nominal Depth of Field

K fhg Equations for the near depth of field (Dy) and the far depth of field

(Dp) are:
___H
Dy * T (ad) | (25)
. H . ‘ .
Dp-H- (s-l:) (26)

where H = hyperfocal distance = 777 0y ¢

£/no. = relative aperture
C = circle of confusion

In conventional optlcs the object distance is considered constant over the
field of view of the lens, so the near and far depths of field are fixed
normal to the optical axis provided the other parameters do not change. But
in the case of oblique optics, s is constantly varying across the field, and
Df'u;'and Dp vary with it a= a functi.on. of altitudé, depression angle and in-
stani‘;aneons look angle., 1In order to evaluate the depth of field, general |

equations of 8 as a function of appropriate parameters are needed.

From Figure | , the slant range R, is given by:
Ry = h csc§ (27)
The ground range Rg is similarly founds

By =h cot & (28)

o
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The object distance s is:

s = Ry cos (§-%)

" heos (§ =)
&= sin § (29)

Thus the near and far depths of field can be found for any set of parautdra,
Figures 7 through |3 are graphs relating any set of parameters to depth of
field. As an example, sﬁppose the pilot has a ground range on the model of
1.40 inches at an altitude of 1.0 inches, From figure 8 , his instantansous
look angle is -40°, If his vehicle's depression angle is -66°, the object
distance (from figure || ) is &8 = 1.&1". A set of curves such as those shown
in figure I3 will give the near and far depths of field. In this case (F =
0,10%, ¢ = 0,00184*), if the pickup is operatihg at £/5, Dy = 0.62" and

Dp =, This data implies that any inforgxation such as a mountain, located
as high as 0.62 inches off the model surface will be in acceptable focus

on the oblique image plane.

The usable depth of field can be found froms

D=s -Dy

sz-sF
“H+ g-F

D

F ,
Substituting H = (£/no)C__ » Ve have

s2£C-sFfC
F2 4+ gfC - FfC (30)

Figure |} shows a plot of the usable depth of field, D, as a function of the

D=

object distance, s,

G-16



R;~Slmnt Bange (Inches)

k.0
3.8

3.h
32
3.0
2.8
2.6
2.l
2.2
2.0
1.8

1.6

1.k

.2

" 100

0.8
0.6
Oul
0.2

GZR-12103 8/k

T T I
[}
! {
| |
f ! ! | :
i . b | i
‘ | ! : i
: ; !
| ! ' .
! f | :
| ‘ ‘ :
. , | ‘
e | s ;
! ‘ 1 | ' \
A ; , i ~ |
A } i
* B i L
_ 1L - — b ; .
i {
N |
: : |
| T N ]‘
! i , _ !
) R man - ‘L j‘
| o
\ { i
-
B,
, + '
! |
\ | | ;
g
| ‘ i
: }
| -
! ]
; i
\ e

s
N 5 !
‘ .
|
\ \.\ heD, 2" | //
h= .1' !_//

«10'

§ =Look Angle
Figure 7: Rg ve.§

-20° -30° -40° -50° -60° ~70° -80°-90°-100°-110°-120°-130°110°-150°

G-/17



0ER-12103 S/}

8.0 Y T v T
1.5 i _......__J'L___ e el SRR ST
7.0

6.5

PE————

8 U I

6.0

v
——t —

55 -
5.0
k.S
€ o

\ -
1. g\
3 L\ B
i

o2,

JPEND SR, S

ﬂ_.-.._w;.- B

2.0 \

LS

S

1,0

0.5

pa
/!

/|
AL/ A

l ' Figured : By wsi&’c

6-/8



s=Object Distance (Inches)

1.2
1.4

0,9
0,3
0,3
0.5
0.5
0.

0.2

0.2

0.1

GER-12103 S/4

g o

\—I | \ hel 0%

NP SRS S TR SEp—

\ !
A\
\n-o.z- \f |
NN
I B
L
C
: |

| L\ \"\

| L

-]

20 =35 30 35 U8 b8 -5b 55 -60
& =Look Angle (Degtees) |

Figure 7: s vs.§; ¥ =0°



GER-12103 S/4

# =Look Angle

2.0

1.8

1.4

1.2

(seuour) eouwysig 300{qO=s

ooh T
0.2 4+
-

s ve.S ; P=30°

Figurelo:

6‘20 |



GER-12103 5/,

’240

1188

1.6

1.4

°
N
1

D
o

segbect Digtance (Tnghes)
o

0.6

O.ls -

024 . _1.TS

¥ =Lobi'idg1e
Fgureh ¢ 8 va.8 ; Pebo?

0 T -30°  d® w60° e 500 als a1

L33




.03 8/4

i

ot

GER-12

- - « - - - -
} OS.H DWQ \_N 0 O%.— bOl Dm.m
| | | b |
I - N + +
; m : 1aT°0=
i ! w
« M ) +12°0=Y
w i :
| |
w !
+ —
w |
T 13 5°0=Y
t
] i
j m i
! L m
PR — . P ,
M
i
, h0°T=Y .
” M «
; | i
. |
i | w m
i i |
_ - !
| | ! !

- 4
[ d
o

et
(o]
oul) eoue}sTQ 399(qQ=s

T

©




QER-12108 3/

s=Object Distance (Inches)
Figure IS; DN)DF v, 8

@-23



CER-1210:3 8/

3
!
~
g
3
2
o
~
2
k)
i
A

q
s
N =) !
~ U]
L] P
= -
[ [ ]
g
[ ]
[~ o —
T8
+ =
~ g
A
o £
[ &
- K
. m : o
— Eg AVIEE
! 9 : — -
| & m !
: <' ! ©
. -4 ~ [ R ©
! $5S8 | © 1
t 43 : >
5o ! O :
S 5 S 1 + s -
: © i §
| TN o |
m 8. 5 _ | v =
— - 253 R i ‘ [c »
._m.___ : ; : 8
: L RO _ _ i =
— b - r i . P ¢ _ ' - M- e
' : : : } m . \ (o]
) | ' ! i “ _ i M
1 , i , H h {
| | ! | _ ; " | _ n | .
T ] T T T 1 T ¥ t B U
Y] n ~ ™ o~ - o) o 0 o~ 0 n ~ )
L L ] [ ] L ] L] [ ) . . [ ] [ ] ® L LJ L
—~ ~ —~ —~ ~ - ~ o o o o o o o



B-ID-15(7-64)(77-10)

REF. ENGINEERING PROCEDURE S0

T

GER-12103 S/4 -

timised Depth of Field
From Section IV, 3, a Py thé far depth. of field is not utilized because
it is below the model surface., The usable depth of field can be increased
by focusing not on lthe object plane, but on an imaginary plane above the
model surface (see figﬁre,lS )e The usable depth of field is then optimized
vhen the far depth of field lies at the objec£ plane or at some convenlent
vertical datun in ,the cage of a t,err'aﬁ.h modél.

Def:Lne an mginary object surface S! such that DF' =8,
Then, from eq. (26)

El
Kol et
s(H + F) | - |
S!' = (H+8) ' (31)

The near depth of field is then
_ HS"
' " Hes -7

Substituting eq. (31) .

Hs (H + F) "
DN' = TH(Hes) +s(HeF)-F(E*s)

s(H+F) v ‘
DN = H i os-F (32)
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The usable depth of field is Dp' - Dy! - p

-sSH + FZ

D'=8- Hueog-F

28(s - F) -

D'-H"‘25-F (33)
Substituting for H, we have
_28£C (s - F)

D' = “F2 + 28fC - FIG | (34)

Figure /¢ shows a plot of the optimized usable depth of field, D; as a function

of the object distance, s. A comparison of figures |4 and /¢ readily shows
that D' 5 D for equivalent values of s, |

The percent of increase in depth of field, £ A D, can be found from the gen=~

eral equation of percentage difference,.

fan- 22D ()

Putting eqs. (30) and (3h4) for D and D' into (35), we have,
after factoring,

P2 _ prc C
- — x 100 S
$AD= 52 _Fre + 28fC (36)

Flgure |7 shows a plot of % AD vs. s for several values of F, £, andC, The

percentage increase is larger for greater values of F.

G-27
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APPENDIX H — TELEVISION SYSTEM DATA

The following 1s a description of the current state of the art in televisiow

systems - particularly the pickup tube area. Primery interest is directed toward
|

1

high—resolution systems,
‘ 1

Table i lists some of the important characteristies of three high-resolution
|

camera systems presently available. Table II tabulates many of the important

mechanical and electrical parameters of a number of different pickup tubes.

Televisbn digplay monitors (black and white)l to be used in conjunction with the
camera systems of Table I are available in 14, 17, and 21-inch models. These
monitors can be used at scan rates up to 1215 lines per frame (36.45 kiloc&cieq)
and have video bandwidths of about 22 megac?cles +1 db, Oth;r monitors are
available with video bandwidths of up to 30 negacycles but require modification

to obtain the higher scan rates (1203 lines per frame),

Television projectors, utilizing high-intensity cathode ray tubes with Schmidt

 optical systems are currently available with scan rates up to 819 lines per frame
» : i

(24.57 kilocycles) and maximum video bandwidths of about 10 megacycles. Iheaé
iprojectors are not compatible with the high-resolttion camera systems of Ihblé ;.
It is questionable if suitable Schmidt projectors ‘for this use will ever be
bullt since the resolution capability of the optical system 1tself, as vall as
the projection tube performance, becomes a limiting factor in the final display
quality. Control-layer systems such as the Eidpphor or the G.E. Light-Valve
projéctors pro;ide higher resolution and very high brightness displays, althoﬁgh
at increased cost and equipment complexity. 'Ldght-Valve projectors have been

B-1
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¥
5

produced utilizing 1029 1line scan rates with 20 mc video bandwidths and have

demonstrated horizontal resolution in excess of 700 TV lines.

Two types of pickup tubes not listed in Table II but of interest are an all-
electrostatic image orthicon developed by G.E. and a vidicon utilizing secondary
electron conduction developed by Westinghouse. These tubes have many important
advantages (sensitivity, lag characteristics, dynamic range, etc.). However,

at the present time resolution capabilities prohibit their use in tﬁe high-

resolution television systems discussed above.

B2
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TABLE I -

HIGH RESOLUTION CAMERA SYSTEMS

1 Inch Vidicon 1} Inch Vidicon

Systen tem
Scan Rate in Lines. ,
per Frame ‘ 1029 1203
- Frame Rate in )

Frames per Second 30 30
Interlace 21 2:1
Horizontal Resolution in
TV Lines

Center 1000 1000

Corner 600 700
Vertical Resolution in
TV Lines 700 795
Signal-to-Noise Ratio 36 db -
Video Bandwidth
in Megacycles 25 32+1a4db
Sweep Lineerity + 2% +1%
Discernable Gray '
Scale Shades 10 -
Aapect Ratio 1s1 L33
Photo ‘Cathode Illumination
in Foot-Candles 1 1

3 Inch Image -
Orthicon )

1029

30

700

20 + 1 db
2%

B3
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TABLE II (Cont'd,)

(a)
(v)
(c)

(a)
(e)

(£)
(g)

FOOTNOTES
M = magnetic
E = Electrostatic

ratio of peak to peak highlight video signal current to RMS noise
current for bandwidth of 4.5 me.

percent of initial value of signal-output current 1/20 second after
illumination is removed.

values for high voltage and high focus field strength operation of
tube

values for high voltage operation of tube.

FPS = focus projection and scanning mode.
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APPENDIX J - SURVEY RESPONDENTS' DATA

General
The information contained in this appendix was contributed by the following orga-
nigations:

Identification Source

Scanoptic Incorporated
Refractive Systems : Photomechanisms Incorporated
F.B. MacLaren Incorporated

Vue Marq System Marquardt Corporatidn-
: Pomona Division

This data was submitted to GAC for the sole purpose of supporting this study.
The first set of data (Refractive Systems) includes certain information which is
considered by the respondent to be propriétary, and is so identified on appro-
priate pages. GAC assumes no responsibility regarding the further dissemination
or use of this information by NASA, or by others to whom NASA may subsequently

make this information available,

Refractive Systems

A variety of optical pickup devices have been produced by a team of companies
which includes the F, B, MaclLaren & Co. Inc., Fhotomechanisms Inc. and Scanoptic
Inc,. Table I is a listing of the optical pickup devices which have been pro-
duced by these companies along with the required performance characteristics of
each, In some cases these pickups have surpassed Specification performance

indicated,

These devices all embody the same general design shown in figure 1 , the elements

of which are describesd in detail‘bélowi J-1
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TABLE T

Characteﬁstics of Servoed Optical Scanners produced by the team of ¥, B, Mac-

Laren & Co, Inc., Photomechanisms Incorporated, and Scanoptic Incorporated:

Fleld of View
Imfge Size

: o
F?No.
Ba#olution
(Lines/mm)
Transmittance (%)
Pu§11 Size (mm)
Closest Approach
Focus Range
Avimuth Limits
Elevation Limits ~
Roll Limits

Azimuth.Velocity
(Minimm)

Elevation Velocity

.(Minimum)

Roll Velocity
(Minimum)

Az;muth Accelera-
tion (Minimum )

Elevation Accelera-

tion (Minimum)

Roll Acceleration
(Mininram)

Aécuracy

50°
1.6"

18.9

36
38

2

o251
6" to
Cont.
0-135°
Cont,

45°/sec.
30°/sec,

hso/QOCQ

141°/sec, 2

1414°/sec. 2

144°%/sec.?
+ 10!

60°

625"
16"

9.5
2l

80
)

4o

1.6
067
5" to
#5400
+25°

290°
120°/sec.
60°/sec.
150°/sec.
120°/sec.2
150°/sec.2

300°/sec, 2

+ 300

60°

1.0%

U5

55
30

1.6

+25%

«3" to
Cont,
0-135°

Cont,

20°%/sec.

. 200/80(;‘-0

20° /sec,

200/3600 2
200/330 02

20°/sec.2
+ 7.5¢

95°
6250

g

60
35

1.3

o 25%
375" to
Cont,
0-170°

Cont..
60°/sec.
60°/sec.
60° /sec.
60°/bq¢.2
60°/sec.2

60°/sec.2

+ 10t

J=-2
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Pitch prisms - Two right-angle articulation prisms are used to simulate pitch,

The prism containing the entrance pupil is pivoted ‘about. the simulated vehicle's
center of rotation, Pivoting of this prism producqs' both pitch and roll; how;;ver,
re-rotation of the image is performed further back in the optical chain, The

second right angle prism is used to fold the optical path,

Objective lens assembly - this is a short focus group of lenses which form the

initial image of the system,

Axis compensation prisms - this prism assembly is used to bring the optical axis

of the system into proper alignment with the heading axis of the device.

Focusing lens assembly - The optical function of this group of lenses is to colli~-
mate the rays from the image plane of the objective lens assembly. This assembly

is servo controlled to focus for the range of object distance required,

Correcting lens assembly - This group of lenses is symmetrical and telescopic,
Its function is to compensate for distortions of the instrument. Also, the
limiting aperture of the entire system is located at the point of symmetry of

this group.

Roll prism - This prism is servo controlled to rotate about the optical axis,
thus simulating roll of the final image. The motion of this prism is also coupled
with the motion of the pitch prism to compensate for image rotation introduced

by the first slsment,

Converging lenses - The fum tion of this group is to focus the collimated light

from the -oll prism ocnto the face of the photocathode,
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The entire device is positioned for lateral vehicle motions,

Closeness of approach «f these pickups is limited by pitch prism size, prism
housing, and the mechanical davice‘s required to pivot the prism. For this reason
a slightly different design has been conceived to improve the pickup working
distance. This design is shown in Figure 2 , In this design the right angle
prism and obje.ctive lens assembly are pitched about a remoted pitch axis, This
eliminates some of the maéhanical structure from the entrance pupil, thgnby per=
mitting lower approach., However, this approach would require a coordinate trans-
formation to properly simulate pitch motion. The remainder of the system is
identical to that described above,

J-5
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The VusMarg System

The Harquai_‘dt Corporation, Pomona Pivision, has reeeﬁtly disclosed a real |
time pickup and display system concept called the VueMarq. The s'ys‘ten
utilizes the basic principle of reciprocol eccentricity previously d;l.s— :
cussed in Section IIT 3.¢s Fig., 3 shows a schematic of the systei. The
gysten eqaioys special field-correction opticé t0 increase the unciistwped L
field of view. A television system is tused as a real time link between ﬁhé =

pickup and display systeis.

The VueMarq pickup is shown in Fig. ke It employs a small hypefboloidnl
mirror, convex toward the model, S3ince the mirror's eiberml focus is
below its conirex surface a folding mirror is r;quifed to'position the ade
ditional optical components away fram the model surface. Special field
shaping optics are used to flatten the otherwise curved ﬁeld pricr to the .

. pi_ckup tube. A microscope objective is used to enlarge the image and focus
it onto a ohe-inch vidicon. The entire device is transparted above the model

surface for attitude and positional changes.

The VueMarq displsy is a virtual image system. (Fig.5 ). It consists of
& kinescope and a special ogtical projection sy{stem for curving the field
to conform with the focal surface of the ellipsoidal mirror, A& ’controuod
diffusion écreen is located ;at this focal swrface and serves to enlarge the
display system exit pupil by spreading the light bundle over.10°, This

resulte in a pupil enlargement from about one inch to eight inches.

The Marquardt Corporation‘avVueHarq system offers advantages not available
~in previous simulation dwices:'employing the same principle. It is the first
device conceived for uziprdgrammed simulati oﬁ which combines the basie prin-

cipls of reciprocal eccentricity with a closed circuit television system as.
J=7
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the link between pickup and display. The field curvature correo»tion system
permits the use of a real time transmissive link S:éfueen pié:kup and display.
Since the system requires that the optical elements in the pickup be col-
inear with the line joining the foci of the hyperboloidal nirror, vehic'ie
atti‘bude is simulated by naneuvering the pickup above the model sm'face.
For examle , pitch is not simulated by the rotation of prisms or mirrors

as in many refractive systems, but by the rotation of the entire pickup

device about the entrance pupil. point. This can limpose severe mechanical

design requirements on the system,

Since the entrance pupil is nécessarily inside the hyperboloidal mirror,
éhe pickupi cannot approach the model as closely as can a system which has
the entrance pupil éx‘bern&'l. to the first optical element. The closeness

of spproach is etéh more limited in the VueMarq pickup because of the fold-

ing mirror located between the hyperboloidal mirror and the model swface.

Another limitation of the VueMarq system is in the display. The in&;erently
small exit pupil is enlarged by the conmtrolled diffusion screen. However,
the use of such a screen results in a loss in resolution and display

brightness.

J=11
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APPENDIX K - OTHER OPTICAL SYSTEMS

The Bellarama System -

Another system using the above reciprocal eccentricity is the Bellarama system
developed by the Bell Aircraft Company. This system is a programmed device
employing film as a data 1ink between the pickup and the display. The terrain
scene reflected from the hij‘perboloidal mirror is imaged on the focal plane of a
camesra, The film data is projected onto a smail ell:_!.psoidal mirror which re-
flects this data onto an ellipsoidal screen for viewing, The camera and pro-
jector lenses have the same focal length in or@ to md.inth:i.n correct picture
geometry., Lens settings of r/lé to £/22 provide the best compromise between
image focus and brightness, Difficulty in focusing the curved fields produced
by the system réduce the overall field of view capability in elevation to about

60 degrees.

The Opaque Projector
The Cornell Aeronautical Laboratory conducted feasibility studies for using this

principle in a direct-viewing system for an automobile simlator. A single por-
trait lens placed at the external focus of the hyperboloidal mirror focused the
image reflected by the mirror onto an elliptical screen. The model scenery was
lecated in a 1light proof bex and intensely 111mn1naf:ed. | |
ﬁ_o direct view projection system coupled with the large £/nos (£/16) in the
picikup #nd display create unreasonable requirements for illumination, and prob-

lems of cooling the models become formidable,

K-1
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Opticdl Scamning Sy stems

One method that has been proposed for obtaining ultra wide angle (120 to 360 de- v
grees horizontally) piclmp and display systems utilises optical scanning uch-
niques. The optical pickup dovice consists basically of a rotatable mirror or
prism posi‘bioned abovs a scale model with its reflecting snrface inclined about
LS degrees from tho _plane of the model, intermediate optics for presenting the
scene data to a TV ca.ne:éa pickup tube and the camera electronics. If the mirror
(a prism) is rotated sbout the optical axis then the scene data for the full

360 degrees horisontally is presented to the pickup tube for each complete ro-
tation of the mirror. A redial scan, rotating in synchronism with the mizror,

in tilo plcikup tube can ﬁe used to read out the visual data presented to the tube,

The video slgnals generated bj.tho camera can be used to drive a TV projector

. which employs a radisl scan synchronized with the camera, The TV display is ’

projected through appropriate optics to a rotatlii.ng mirror (rotating synchronously
with the camera mirror) and then to a wide-axig]ée eylindrical screen for display
to an observer(s). The display thus generated ié an exact wide-angle reproduc-
tion of the visual imagery "seen" by the “séanning camera". The mirror rotation =~
rate would be 3600 rpm (60 eps) and 2 2 to 1 interlace employed in the 'N equib;
ment, '
The basic system described above is pbtentia]ly capable of p‘reviding a 360 de-

gree horisontal field of view to an observer, hmiever it has several basic

- problem areas. Mechanical design problems, physical size and instruction, asso-

ciated with a rotating mirror or prism arrangement would not allow as close an
approach to the scale model as can be h.chieved_ with other optical pickup devices,
hence model size for a given area will increase and attitude motion requirements

become more difficult tec implement, : K=2
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Synchronization between mechanical and electrical elements could cause problems,
Light output requiremsnts of the projector are very high in order to obtain a

usable display on the screen.

State of the art pickup tube lag characteristics and limiting resolution capa-
bilities (both inherent tube limitations and system video bandwidth limitations)

will 1limit the 360 degree display resolution te a relatively low walue,

E-3
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Another approach to optical scanning systems is to use a small spherical mirror
placed just above the model surface and oriented so that a full 360 degree (hori-
zontally) scene is continuously presented to the TV pickup camera optics. This
same effect can be accomplished by .utilizing a 180 degree hemispherical lens., In
@ Design Study For VF S - 2 MELPAR INC. recommended use of the latter technique
for an optical pickup system (this system viewed a transparency). This device will

be discussed briefly below:

The first optical element of the pickup device was to be a wide angle 180 degree
lens having a short focal length. This objective lens was to obtain a 360 degree
view of the terrain data directly belox;r. This lens produces predictable image
distortions that are a funetion of the off-axis angley however, a flat image sure
face (plane) can be obtained for transmission of the image through the rest of
the op{:ical and electronic systems. The image was to be projected through a

similar 180-degree lens at the display and thus recreating true perspective,

A condensing lens‘was to be placed after the objective lens, A servoed focusing
lens was used to keep fhé image focused on a scanning pris;m. This prism was to be
a simple Schmidt-Pechan derotator which would be rotated at a constant speed of
3600 rpm, the image thus rotating at a rate of 7200 rpm. A single radial line of
fiber optié ends (600 fibers) was to be placed in the image plane with each fiber
connecting to a separate photo diode. Thus as the prism rotated, the image would
be scamed at a rate of 120 times per second. The output of each of the photo
diode sensors was to be ,anpii’fié&,‘ réquiring 600 amplifiers, and transmitted to

600 miniature cathode ray tui)é‘é‘_ £or projection to the viewer. The effective video

K-k
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bandwidth of this system would be over 300 meagcycles even though individual ampli-
fier bandwidth would be about 650 kilocycles. This device was to have a resolu-
tion capability of 4 minutes of arc. All aircraft attitude and positional motions

were to have been simulated.

The above device would overcome some of the problems associated with 360-degree
optical scamning devices such as resclution and lack of rotating coinporient'é close
to the model surface; however, total syaf;em complexity would present fnamr diffi-

cult problems,

k-5




